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NON-DESTRUCTIVE  SOI  PROCESS  EVALUATION  USING 
RECOMBINATION  LIFETIME  MEASUREMENTS 

.  A.  Buczkowski,  F.  Shimura,  and  G.  A.  Rozgonyi 
Department  of  Materials  Science  and  Engineering 
North  Carolina  State  University 
Raleigh,  NC  27695-7916 

and 

B.  Cordts 

IBIS  Technology  Corporation 
32A  Cherry  Hill  Drive 
Danvers,  MA  01923 

The  properties  of  the  buried  Si-Si02  interface,  the  concentration  of 
structiu’al  defects,  and  the  level  of  contamination  have  been  monitored 
nondestructively  via  their  effect  on  the  surface  and  bulk  components  of 
recombination  lifetime  by  a  laser/  microwa:ve  photoconductance 
technique.  It  has  been  found  for  single  and  multiple  implant/  anneal 
SIMOX  material  that  the  bulk  recombination  lifetime  decreases  if  the 
annealing  alone  (no  implantation),  or  both  implantation  and  annealing 
processes  are  applied.  However,  a  bulk  lifetime  recovery  for  multiple 
implant/  anneal  process  is  observed  after  the  second  and  third 
processing  steps.  In  addition,  the  superficial  layer  and  Si-Si02  interface 
still  contain  a  very  high  density  of  electrical  defects  even  after  the 
structural  damage  removing/  oxide  forming  high  temperature  treatment 
This  defect  density  results  in  a  surface  recombination  velocity  on  the 
order  of  1000  crri/s,  two  or  three  orders  of  magnitude  more  than  a 
surface  subjected  to  annealing  alone  (without  implantation),  and  only 
one  order  less  than  non-annealed,  implanted  material. 

INTRODUCTION 


The  non-destructive  full  wafer  evaluation  of  SOI/SIMOX  is  a  very  desirable  factor 
in  the  further  development  of  this  new  material  for  semiconductor  device  technology.  It  is 
particularly  important  to  track  the  properties  of  the  superficial  layer,  buried  Si-Si02 
interface,  the  concentration  of  stmctural  defects,  and  the  level  of  contamination  introduced 
during  the  extended  exposure  ion-implantation  and/  or  prolonged  high  temperature 
annealing  heat  treatment.  Because  minority  carrier  lifetime  measurements  are  sensitive  to 
both  chemical  and  structural  defects,  including  point-defect  complexes  and  contaminants, 
the  contactless  laser  excitation/ microwave  reflection  photoconductance  (LM-PC)  methodh^ 
has  been  extensively  used  at  North  CaroUna  State  University^*'*’^  for  evaluation  of  bulk  and 
surface  material  properties.  The  LM-PC  is  used  to  independently  separate  the 
recombination  properties  of  a  SIMOX  substrate  and  its  buried  oxide-substrate  interface.'^ 
The  recombination  properties  of  the  top  superficial  silicon  layer  are  estimated  by 
comparison  of  two  decays  derived  by  measuring  a  sample  excited  first  from  the  front  and 
then  from  the  back  side,  as  shown  in  Fig.  1.  The  contribution  from  the  top  superficial  layer 
in  the  front  illumination  experiment  depends  on  the  layer  quality  and  the  ratio  of  photon 
energy  absorbed  within  the  layer  to  the  energy  absorbed  within  the  substrate.  This  ratio 
strongly  depends  on  the  laser  wavelength  used  and  the  Si/Si02  layer  thicknesses  because  of 
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Fig.  1.  Schematic  cross  section  of  SIMOX  wafer  measurement  configurations 

multiple  reflection  at  the  Si/  Si02  and  SiOj/  Si  interfaces.  If  favorable  conditions  are  met,  it 
is  the  recombination  properties  of  the  superficial  layer,  the  Si-Si02  interfaces  of  the  buried 
oxide,  the  Si-Si02  interfaces  of  the  front  and  back  side  oxide  grown  before  ion  implantation 
and  during  post  implantation  annealing,  and  finally  the  bulk  recombination  which  are 
responsible  for  signal  decay.  In  the  experiment  with  back  side  excitation,  the  decay  is 
much  less  affected  by  the  front  superficial  silicon  layer  since  the  energy  which  is  absorbed 
there  is  very  low.  In  this  case,  the  quality  of  buried  oxide-substrate  and  back  side  oxide- 
substrate  interfaces,  along  with  the  bulk  recombination,  but  not  the  superficial  layer  itself, 
affect  the  signal  decay. 

Taking  into  account  the  above  experimental  conditions,  we  interpret  minority  carrier 
recombination  due  to  the  Si-Si02  interface  and  superficial  layer  as  a  "surface”  effect,  and 
that  due  to  the  bulk  defects  as  “bulk”  recombination.  These  two  recombination  processes 
make  up  the  effective  lifetime  Teff;  however,  after  appropriate  analysis  6’^,  the  separate 
lifetime  components  can  be  determined.  The  difference  in  surface  lifetime  component  when 
measured  at  front  and  back  illumination  is  a  measure  of  the  superficial  layer  quality. 
Although  the  recombination  properties  of  the  top  superficial  layer  are  not  yet  directly 
calculated  in  this  initial  LM-PC  experiment,  we  believe  that  the  bulk  recombination  lifetime 
within  the  substrate  and  surface  recombination  velocity  reflect  the  dynamics  of  the 
properties  following  processing  of  SIMOX  material  and  can  be  used  for  monitoring  the 
quality  of  implantation  and  annealing  equipment. 

EXPERIMENT 

The  SIMOX  substrates  were  produced  by  IBIS  Technology  Corp.  by  oxygen 
implantation  into  silicon  material  preheated  to  450  °C.  In  the  initial  wafer  sequence 
examined,  four  n-type,  5-inch  diameter,  and  eight  p-type,  4-inch  diameter,  10  Qcm  CZ 
silicon  wafers  were  processed,  as  illustrated  in  Fig.  2  and  3.  The  implmt  energy  was  200 
keV  and  the  multiple  dose  sequence  was  (0.55  +  0.55  +  0.9)  *  10^®  cm'^. 
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Fig.  2.  Schematic  diagram  showing  the  preparation  sequence  and  sample  identification 
for  evaluation  of  the  single  implant/  anneal  SIMOX  samples 
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Each  implantation  step  was  followed  by  a  1310  °C,  5-hour  annealing  in  an  Ar  +  0.5%  O2 
ambient.  For  single  implant/  anneal  SIMOX  (S-SIMOX)  a  full  oxygen  dose  and  one  step 
annealing  were  applied.  The  multiple  implant/  anneal  SIMOX  (M-SIMOX)  wafers  were 
initially  oxidized  to  grow  a  20  nm  thick  oxide  to  reduce  the  surface  recombination  to  a 
negligible  level,  i.e.  on  the  order  of  0.1  cm/s  to  1  cm/s.  The  influence  of  SOI  processing  on 
the  LM-PC  signal  decay  was  tracked  for  each  processing  step  illustrated  in  Figs.  2  and  3 
and  the  lifetime  values  were  semi-quantitatively  evaluated. 


RESULTS 

'  In  the  following  discussion  we  used  the  letters  S  and  M  for  single  and  multiple 
implant/  anneal  samples,  respectively;  and  F  and  B  for  the  front  and  back  side  illumination 
conditions.  Thus,  the  description  SF-4  denotes  results  obtained  for  the  single  implant/ 
anneal  wafer  S-4,  see  Fig.  2,  measured  with  the  laser  light  pulsed  at  the  front  side. 
Initially,  the  uniformity  of  the  fully  processed  sample  M-8  was  evaluated  via  a  full  wafer 
mapping  of  thickness  and  effective  lifetime,  as  shown  in  Figs.  4a  and  b,  respectively.  Thus 
the  MF-8  lifetime  and  the  superficial  layer  thickness  contours  were  compared.  It  was  found 
that  the  lifetime  increases  with  the  superficial  layer  thickness.  This  correlation  was 
observed  whether  front  or  back  side  illumination  was  used.  The  observed  effect  is  actually 
not  simply  related  to  the  layer  thickness  (which  may  control  the  surface  component  of 
recombination  lifetime  while  measured  at  front  illumination),  but  also  to  a  different  dose  of 
impurity  introduced  during  implantation  and  redistributed  during  annealing.  A  qualitatively 
similar  correlation  was  observed  for  sample  S-4  by  comparing  the  lifetime  map  with  the 
distribution  of  interference  fringes  observed  using  visual  wafer  inspection. 

Following  the  initial  uniformity  measurements,  the  influence  of  ion  implantation 
and  furnace  annealing  on  the  minority  carrier  decay  for  the  S  samples  was  recorded,  as 
presented  in  Fig.5.  The  degrading  influence  of  furnace  annealing  on  the  minority  carrier 
decay  is  evident  for  SF-2  for  which  the  effective  lifetime  decreased  by  a  factor  of  5  from 
teff  =  35  p-S  to  Teff  =  7  ps,  while  the  bulk  lifetime,  obtained  after  lifetime  component 
separation^,  decreased  by  two  orders  of  magnitude  from  1  ms  to  8  ps,  as  measured  at  room 
temperature.  Since  the  bulk  lifetime  is  directly  related  to  the  trap  concentration  and/or 
location  within  the  bandgap,  it  is  evident  that  a  significant  increase  in  defect  or  impurity 
related  traps  occur  during  the  post-implantation  annealing.  Annealing  a  non-implanted 
reference  wafer,  e.g.  sample  SF-2,  degrades  Xtuik  from  about  1  ms  to  32  ps,  compare 
samples  SF-2  and  SF-3.  Samples  which  were  both  implanted  and  annealed  undergo  a 
further  bulk  lifetime  decrease  to  8  ps,  see  sample  SF-4  in  Fig.  5.  Moreover,  both  implanted 
samples,  whether  they  are  annealed  or  not,  have  a  Si-Si02  interface  characterized  with 
relatively  low  surface  lifetime,  Tsurf  *=  36  ps  and  Xsurf  “  42  ps,  which  corresponds  to  a 
surface  recombination  velocity  S  >  10*  cm/s  or  S  =  3*10^  cm/s  for  SF-3  and  SF-4, 
respectively.  Thus,  the  annealing  process  does  not  fully  remove  the  defects/  impurities 
within  the  superficial  layer  and/or  at  the  buried  oxide-silicon  substrate  interface.  Recall  that 
for  MOS  quality  oxide-silicon  interfaces  S  typically  ranges  from  0.1  cm/s  to  10  cm/s®,  and 
a  value  below  the  detection  limit  (100  cm/s)  is  observed  on  the  non-implanted  and  annealed 
sample  SF-2.  The  same  samples  were  also  measured  with  back  side  laser  illumination  and 
decays  similar  to  their  front  illumination  counterparts  were  obtained  for  samples  SB-2  and 
SB-3,  while  the  sample  SB-4  was  much  different  from  the  SF-4  and  characterized  with 
much  lower  (below  detection  limit)  surface  recombination  velocity.  Therefore,  it  can  be 
concluded  that  the  "surface"  effect  observed  in  sample  SF-4  may  come  from  enhanced 
recombination  rate  within  the  superficial  layer  but  does  not  have  to  be  related  to  the  poor 
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Fig.  5.  Normalized  minority  carrier  decays  of  S-SIMOX  wafers  measured  on  post¬ 
implantation  annealed  and  non-annealed  samples 

electrical  properties  of  the  Si-SiOj  interfaces  of  the  buried  oxide  itself.  Notice  that  due  to 
very  low  thickness  of  the  superficial  layer,  the  surface  component  of  the  effective  lifetime 
can  be  lower  than  the  bulk  value,  even  at  relatively  low  surface  recombination  velocity, 
since  is  proportional  to  the  layer  thickness  d  (Xsuff  =  d  /  2  S). 

It  was  expected  that  an  improvement  in  the  superficial  layer  and  buried  silicon-oxide 
interface  would  be  obtained  when  a  multiple  implant/  anneal  processing  sequence  was 
used.  However,  the  results  indicate  that  a  simple  cumulative  sum  of  individual 
implantation/  annealing  steps  can  not  be  used.  A  typical  family  of  carrier  decaj^s 
chLcteristic  for  initial  M-SIMOX  material  and  after  the  first  impla^tation/  ani^aling  step  is 
presented  in  Fig.  6.  The  decays  are  very  similar  to  those  observed  for  S-SIMOX,  although 
the  absolute  values  are  different,  due  to  different  starting  niatenal  and  processing 
conditions.  The  main  conclusion  from  Fig.  6  is  that  lifetime  degrades  after  both  ion 
implantation  and  annealing,  compare  MF-2,  Ivff-S  and  MF-4,  and  ^hat  the  JOP 
layer  after  the  first  implantation/  anneahng  cycle  is  charactenzed  with  high  recombination 
rate  compare  MF-4  and  MB-4.  However,  second  and  third  implantation/  annealing  do  not 
deteriorate  but  significantly  improve  the  effective  recombination  lifetime,  as  shown  in  Fig. 
7  Therefore,  metal  impurities  introduced  during  implantation/  annealing  are  not  solely 
responsible  for  lifetime,  since  in  such  a  case  continued  detenoration  should  seized. 
The  bulk  lifetime  is  affected  both  by  implantation  damage  and  S1O2  phase  formation  ^ter 
annealing.  After  the  first  dose  implantation/  annealing  a  layer  of  S1O2  precipit^ions  is 
observed,  surrounded  by  material  characterized  by  high  mechanic^  tension  and  structural 
disorder?  which  results  in  a  low  lifetime  value.  Each  consecutive  implantation/ annealing 
improves  buried  oxide  quality,  which  finally  isolate  substrate  from  tte  top 
and  decreases  the  total  recombination  rate.  The  quality  of  the  superficial  layer  “sel^f  also 
improves,  as  the  amount  of  defective  silicon  trapped  within  buned  oxide  decreases,  and 
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Fig.  6.  Normalized  minority  carrier  decays  of  M-SIMOX  wafers  measured  on  the  first 
step  post-implantation  annealed  and  non-annealed  samples 
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Fig.  7.  Normalized  minority  carrier  decays  of  M-SIMOX  wafers  showing  value 
measured  after  each  implantation/  annealing  step 

continuous  and  sharp  Si02  layer  is  formed.  At  the  same  time  impurities  from  the  substrate 
and  superficial  layer  are  possibly  getered  at  the  silicon-oxide  interfaces.  As  a  result  the  fin^ 
quality  of  the  superficial  layer  achieved  in  the  multiple  process,  presumed  as  a  “surface” 
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recombination  velocity  measured  at  front  illumination,  is  of  the  order  of  1-2*10^  cm/s.  This 
is  about  two  times  lower  than  that  observed  in  a  single  implantation/  annealing  process.  It 
seems  that  it  is  still  too  high  when  compared  to  the  non-implanted  samples  SB-2  or  MB-2, 
which  were  below  the  detection  limit  of  the  LM-PC  technique  (100  cm/s). 

The  temperature  dependence  of  the  recombination  properties  of  traps  introduced 
during  implantation/  annealing  processes  provides  an  additional  insight  into  the  quality  of 
SIMOX  material.  According  to  the  Shockley-Read-Hall  theory  (SRH),  the  probability  of 
recombination  is  the  highest  for  traps  occupying  deep  levels,  i.e.,  close  to  the  middle  of 
band  gap;  and  decreases  significantly  for  shallower  energy  levels.  T^us,  trap  energy  levels 
are  a  characteristic  property  of  a  given  defect  structure  and  in  certain  cases  can  be  used  to 
isolate  the  chemical  or  structural  source  of  the  trap.  It  is  possible  to  determine  energy  levels 
via  the  recently  developed  LM-deep  level  transient  spectroscopy  (LM-DLTS)i“  technique, 
wherein  the  surface  and  bulk  lifetime  are  measured  over  a  wide  range  of  temperature 
permitring  the  energy  levels  of  deep  states  to  be  calculated.  For  this  calculation,  the  energy 
level  influence  on  the  observed  lifetime  can  be  evaluated,  as  predicted  by  the  SRH  theory. 

A  comparison  of  the  dependence  of  the  bulk  component  of  lifetime  versus  inverse 
temperature  for  non-annealed  and  annealed  S-SIMOX  wafers  is  presented  in  Fig.  8. 
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Fig.  8.  Temperature  dependence  of  the  bulk  lifetime  measured  on  post-implantation 
annealed  and  non-annealed  samples 

Note  that,  as  expected,  the  bulk  lifetime  value  is  strongly  affected  by  the  annealing  process. 
Essentially  no  influence  of  measurement  temperature  on  the  bulk  lifetiine  is  observed  on 
samples  SF-3  and  SF-4  subjected  to  implantation.  This  behavior  is  typical  for  matemls 
with  a  high  density  of  structural  defects.  For  the  non-implanted,  but  annealed  sample  5jF-2 
an  increase  of  lifetime  with  temperature  is  observed  which  is  typical  for  samples 
contaminated  with  metals.ii  The  temperature  dependence  of  surface  recombination  velocity 
for  sample  SF-3  (not  annealed),  see  Fig.9,  indicates  that  S  is  almost  constant  and  very 
high,  of  the  order  of  Ky*  cm/s,  characteristic  of  a  surface  heavily  damaged  after 
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Fig.  9.  Temperature  dependence  of  surface  recombination  velocity  measured  on  post¬ 
implantation  annealed  and  non-annealed  samples 
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Fig.  10.  Temperature  dependence  of  the  bulk  lifetime  measured  on  M-SIMOX  samples 

annealed  after  different  implantation  steps 

ion-implantation;  whereas  for  sample  SF-4  the  lower  surface. recombination  velocity  ^d 
liger  dependence  on  temperature  is  typical  of  surfaces  containing  defats.  I^e 

temperature  dependence  of  the  bulk  lifetime  coniponent  of  reference 
and  that  measured  after  first  and  third  implantation/  annealing  cycles  is  shown  in  Fig.  10. 


305 


In  spite  of  the  lifetime  level  changes,  the  observed  curves  are  characterized  wi^  a  specific 
shaoe  showing  a  broad  peak  and  a  depression,  which  can  be  attributed  to  the  dissociation 
of  iron-boron  (FeiB,  )  pairs,  as  studied  in  Ref.  12.  All  measured  samples  were 
contaminated  with  iron  including  the  starting  material,  and  the  iron  concen&ation  increased 
one  order  of  magnitude  after  the  first  implantation/  annealing  step.  The  initial  iron 
concentration  of  10^2  cm-3  can  be  estimated  by  comparing  the  results  obseiwed  here  to 
those  presented  in  Ref.  12.  Since  lifetime  increases  after  the  second  and  third  annealing, 
especially  for  the  high  temperature  range  where  deeper  states  controls  lifetime,  e.g.  iron  in 
interstitial  position,  it  seems  that  gettering  mechanisms  must  once  again  be  taken  into 
account. 

SUMMARY 

The  properties  of  the  buried  Si-SiOi  interface  and  the  bulk  substrate  have  been 
monitored  nondestructively  via  their  effect  on  the  surface  and  bulk  ^mponents  or 
recombination  lifetime  using  a  laser/  microwave  photoconductance  (LM-PC)  technique,  it 
has  been  found  for  single  implant/  anneal  SIMOX  material  that  the  bulk  recombination 
lifetime  decreased  from  1  ms,  characteristic  of  an  initial  silicon  substrate,  to  35  |is  or  to  8 


anneaiea  rnaicnai,  uul  uiuy  j-hol  .*.*..^-***-0.  .  - -  . 

observed  after  the  second  and  third  step.  Moreover,  the  superficial  silicon  and  me  bi-biU2 
interface  still  contain  a  very  high  density  of  electrical  defects  even  after  a  surface  ^ide 
forms  during  the  high  temperature  treatment.  This  defect  density  results  in  a  surface 
recombination  velocity  on  the  order  of  1000  cm/s,  two  or  three  orders  of  magnitude  rnore 
than  a  surface  subjected  to  annealing  alone  (withqut  implantation),  and  only  one  order  le^ 
than  a  non-annealed  implanted  sample.  Since  in  the  multiple  uoplant/  anneal  SIMOa 
process  the  superficial  layer  quality  improvement  is  observed  after  the  second  and  third 
implantation/  annealing  cycles  it  seems  that  further  progress  can  be  achieved  by  upgrade  ot 
annealing  conditions. 
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Abstract 

Singly  and  multiply  implanted  SIMOX  wafers  were  evaluated 
using  Lang  transmission  x-ray  topography  as  well  as  chemical 
etching.  Moire’  patterns  were  clearly  observed  in  the  multiply 
implanted  material  and  some  areas  in  the  singly  implanted  ones. 

The  presence  of  Moire’  patterns  indicates  high  quality  SIMOX 
material.  Direct  correlation  was  made  between  different  areas  of  the 
x-ray  topographs  and  dislocation  density  using  the  SECCO  solution. 

It  is  found  that  wafers  exhibiting  no  Moire’  patterns  have  dislocation 
densities  greater  than  8  x  10®W,  while  others  with  strong  Moire’ 

'  fringes  have  dislocations  two  orders  of  magnitude  less.  Although  the 
difference  in  the  density  of  defects  is  not  substantial,  a  clear  trend  is 
established  between  the  presence  of  Moire’  fringes  and  dislocation 
density.  This  demonstrates  the  capability  of  x-ray  topography  to 
screen  SIMOX  material  before  further  processing. 

Introduction 

Silicon-on-insulator  structures  produced  by  Separation  by  IMplantation  of 
oxygen  (SIMOX)  provides  a  powerful  technique  to  build  high  speed,  radiation 
hardened  integrated  circuits  [1].  A  large  number  of  studies  have  been  carried 
out  over  the  years  to  evaluate  SIMOX  material  using  transmission  electron 
microscopy  (TEM),  secondary  ion  mass  spectroscopy  (SIMS),  and  Auger 
electron  spectroscopy  (AES)  [2].  Recently,  x-ray  topography  (XRT)  was 
employed  to  evaluate  the  crystallographic  perfection  of  the  substrate  silicon  and 
the  superficial  layer  in  SIMOX  [3.4].  Due  to  the  inherently  nondestructive 
nature  of  XRT,  annealed  SIMOX  wafers  can  be  screened  using  this  technique 
before  further  processing.  In  this  report,  a  correlation  is  presented  for  the  first 
time  between  XRT  and  dislocation  density. 
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Experimental 

Single  and  multiple  implant  SIMOX  structures  were  produced  by  implan¬ 
ting  4"  N-type  Si(100)  wafers  at  200  keV  with  doses  of  1.8  x  10’®/cm^  and  (0.75 
+  0.75)  X  10’®/cm^  respectively.  The  ion  implanter  used  was  an  Eaton  NV-200, 
operating  with  a  beam  current  of  40  mA  and  an  implant  temperature  of  620  C. 
The  wafers  were  capped  with  300  nm  of  plasma  oxide,  which  was  densified 
before  annealing.  SIMOX  annealing  was  done  at  1325  C  for  5  hours  in  an 
Ar+1%02  ambient.  Following  the  anneal  a  4  urn  of  silicon  epitaxial  layer  was 
grown  on  the  SIMOX  substrates  to  enhance  the  intensity  of  fringe  contrast  (if 
any)  obtained  from  the  XRT  patterns.  Two  singly  and  two  multiply  implanted 
wafers  were  selected  for  characterization.  The  lattice  displacement  of  the  epi/- 
SIMOX  wafers  were  imaged  via  transmission  x-ray  topography  (XRT)  under 
different  diffraction  conditions  using  Mo  Kx  radiation.  Then,  specific  areas  were 
carefully  selected  from  these  wafers  and  etched  with  the  Secco  solution  [5]  to 
delineate  the  extended  defects  and  finally  correlate  the  defect  distribution  with 
the  XRT  results.  It  should  be  noted  that  nine  samples  were  etched  from  each 
of  three  half  wafers  to  determine  the  dislocation  densities.  However,  1 2 
samples  were  taken  from  wafer  D,  as  indicated  in  figure  1(d). 

Results  and  Discussion 

Figure  1  shows  x-ray  transmission  topographs  of  all  four  wafers  taken 
with  9220-  Very  distinct  Moire’  fringes  are  observed  in  figure  1  (b  and  c),  for  the 
multiply  implanted  wafers,  formed  by  the  silicon  substrate  and  superficial  Si  with 
its  epitaxial  layer.  This  is  indicative  of  low  defect  density  material  since  the 
presence  of  highly  defective  areas,  which  contain  many  dislocations,  will 
suppress  the  formation  of  the  Moire’  fringe  contrast  due  to  the  large  local  lattice 
displacement  and  resultant  intensity  increase  induced  by  the  dislocations  (4). 

The  correlation  between  the  presence  of  the  Moire’  pattern  and  dis¬ 
location  density  is  established  by  the  etching  results.  The  average  dislocation 
density  in  these  two  wafers  is  7.0  x  lOVcm®  and  2.0  x  lOVcm®,  respectively,  as 
shown  in  table  1.  These  two  wafers  showed  strong  Moire’  patterns.  However, 


Sample 

Wafer  # 

Dose 

xE18 

Disci. 

Density 

Moire’ 

Pattern 

A 

F  152 

1.8 

4E7 

None 

B 

F  635 

.75+.75 

7E4 

Yes 

C 

F  601 

.75+75 

2E4 

Yes 

D 

F910 

1.7 

3-8E6 

Patchy 

Table  1  Moire’  pattern  intensity  and  dislocation  densities 


Figure  1.  X-ray  transmission  topographs  taken  with  Mo  Kx1-g220: 

(a)  1.8  X  10’®/cm^  (b)  and  (c)  (0.75  +0.75)  x  10’®/cm^  The  squares 
mark  the  area  subsequently  etched  with  Secco  solution.  In  wafer  (d), 
regions  L  and  N  exhibit  Moire’  pattern,  M  shows  weak  but  visible  pattern, 
while  O  shows  no  fringes. 
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no  Moire’  fringes  were  observed  in  figure  1{a)  which  corresponds  to  the  wafer 
implanted  with  a  dose  of  1 .8  x  1 0’®/cm^.  As  expected,  the  etch  pit  remits 
revealed  a  high  dislocation  density  of  4.1  x  10  /cm  .  Figure  2  shows  SEM 
micrographs  of  dislocation  etch  pits  after  the  Secco  etch  of  wafers  A  and  C. 


Figure  2.  SEM  micrographs  of:  (a)  Wafer  A  showing  dislocation  etch  pit  density 
of  4  X  10Vcm^  and  (b)  Wafer  C  with  an  etch  pit  density  of  2  x  10  /cm  . 


The  x-ray  topograph  of  the  other  wafer  implanted  with  a  single  dose  is 
shown  in  fig.  1  (d).  The  fact  that  this  wafer  provided  different  patterns:  Moire’ 
fringes,  weaker  ones,  and  no  fringes  served  as  an  ideal  sample  for  developing 
a  one-to-one  correspondence  between  XRT  and  etch  pit  dislocation  density  . 
Three  samples  were  obtained  from  each  of  the  four  areas  labelled  L,  M,  N,  and 
O  In  fig.  1(d)  (the  fourth  area  is  the  additional  region  (L)  exhibiting  a  Moire’’ pat¬ 
tern).  Then  ail  samples  were  etched  for  30  seconds  in  Secco  solution.  The 
dislocation  densities  corresponding  to  L,  M,  N,  O,  are  4.5,  6.3,  3.3,  and  7.8  x 
1 0®/cm®,  respectively.  It  is  apparent  that  there  is  a  trend  in  the  density  of 
defects  with  respect  to  the  presence  of  Moire’  fringes.  The  two  areas,  L  and  N, 
which  exhibit  the  Moire’  fringes  show  the  lowest  defect  density.  This  is  followed 
by  the  weak  fringe  area  M  with  a  higher  density  of  6.3  x  10®/cm^  followed  by 
area  O  with  no  fringes,  having  the  highest  defect  density  of  the  four. 

It  should  be  noted  that  the  Moire’  fringes  observed  in  wafer  (d)  are 
weaker  than  these  in  either  (b)  or  (c).  This  is  supported  by  the  etching  data 
where  the  dislocation  density  in  (d)  is  about  two  orders  of  magnitude  higher 
than  the  other  two  wafers.  Thus,  the  intensity  of  the  Moire’  fringes  is  indicative 
of  the  quality  of  the  material.  Finally,  the  correlation  between  the  dislocation 
density  and  the  Moire’  fringes  obtained  from  all  four  wafers  under  study  sets  an 
upper  limit  of  dislocation  density  which  is  consistent  with  production  of  a  Moire’ 
pattern. 
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‘  The  influence  of  silicon  surface  microroughness  on  the  minority-carrier  recombination  life-time  has  been  stud¬ 
ied  with  a  laser/microwave  photoconductance  technique.  By  means  of  an  algorithm  for  separating  the  surface  and 
bulk  components,  it  has  been  shown  that  the  microroughness  considerably  affects  the  surface  recombination  veloc¬ 
ity,  in  turn  the  lifetime,  of  silicon  wafers  at  elevated  temperatures.  It  is  found  that  the  smoother  results  in  the 
higher  iiletime. 

KEYWORDS:  microroughness,  silicon  wafers,  lifetime  measurement,  laser/microwave  photoconductance  technique, 
elevated  temperatures,  surface  lifetime 


The  reduction  in  surface  microroughness  of  silicon 
wafers  has  become  more  important  for  the  microelec¬ 
tronic  device  performance  and  reliability  because  of  the 
continuous  decrease  in  the  device  dimension.  In  fact,  it 
has  been  reported  that  the  microroughness  of  silicon 
wafers  greatly  affects  the  electrical  properties  such  as 
dielectric  breakdown  integrity  of  thin  oxide  films. In 
this  study,  the  influence  of  the  microroughness  on  the 
minority-carrier  recombination  lifetime,  which  is  one  of 
the  most  important  electrical  properties,  has  been  in¬ 
vestigated  by  means  of  a  noncontact  laser/microwave 
photoconductance  (LM-PC)  technique. It  is  shown 
that  the  microroughness  considerably  affects  the  life¬ 
time  measured  at  elevated  temperatures. 

The  samples  used  for  this  study  were  single-side 
polished  (lOO)  p-type  (^10  fi*cm  in  resistivity) 
Czochralski  (CZ)  silicon  wafers.  They  were  sliced  from 
an  identical  ingot  and  then  prepared  by  a  standard 
polishing  process  with  variation  of  the  mechanical  or 
chemical  components  which  results  in  different  surface 
microroughness  of  polished  wafers.  The  detailed 
description  of  the  samples  is  presented  in  ref.  7,  where 
the  samples  are  classified  into  four  levels  denoted  as  A, 
B,  C,  and  D  in  terms  of  the  microroughness  as  listed  in 
Table  I. 

Recombination  lifetime  measurements  with  the  LM- 
PC  technique  (LIFETECH-88,  SEMITEX  Co.,  Ltd.) 
were  performed  in  the  temperature  range  from  20‘’C  to 
250 °C.  The  decay  of  excess  minority-carriers  generat¬ 
ed  by  irradiation  with  a  laser  beam  (A  =  854  nm)  is  ob- 


Table  1.  Microroughness  measured  by  various  methods  for  wafers 
used  in  this  study. 


Wafer 

AFM*’ 

STYLUS"’ 

R, 

psr’ 

R. 

A 

0.66  nm 

0.92  nm 

0.72  nm 

B 

0.51 

0.63 

0.60 

C 

0.19 

0.20 

0.40 

D 

0.21 

0.10 

0.30 

a)  Atomic  Force  Microscopy. 

b)  Stylus  profilometry. 

c)  Phase  Shift  Interferometry. 

*Oii  leave  from,  Showa  Denko  Silicon  K.K.,  1505  Shimokagemori, 
Chichibu,  Saitama  369-18. 


served  by  monitoring  the  time  decay  of  the  microwave 
(9.6  GHz)  reflection  power.  The  laser  beam  intensity  is 
chosen  to  satisfy  low  level  excitation  conditions.  Since 
the  samples  were  not  subjected  to  any  treatment  to 
minimize  the  surface  recombination  velocity,  the 
logarithmically  transformed  carrier  decay  curve  con¬ 
sists  of  two  distinctive  regions,  i.e.,  nonlinear  initial 
and  linear  tail  portions.  The  linear  tail  portion  is  used 
to  calculate  the  effective  lifetime  (reff)  defined  as  l/ 
'reff=  l/rsurf -r  l/Tbuik,  where  Tsurf  and  Tbuik  are  the  surface 
and  bulk  lifetime  components,  respectively.  Al¬ 
gorithms  for  separating  the  lifetime  components  have 
been  reported.®'^^  In  this  study,  the  surface  and  bulk  life¬ 
times  were  separately  obtained  by  using  the  algorithm 
developed  by  Buczkowski  et  al.^^ 

The  effective  lifetimes  for  the  four  samples  with 
different  surface  microroughness  are  shown  as  a  func¬ 
tion  of  temperature  in  Fig.  1.  The  difference  in  the  life- 


Fig-  1.  Effective  lifetime  as  a  function  of  temperature  for  wafers 
with  a  different  surface  microroughness  level. 
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(a) 

Fig.  2,  Carrier  decay  curves  at  room  temperature  and 


time  among  the  samples  cannot  be  observed  at  temper¬ 
atures  lower  than  200°C,  whereas,  the  difference 
becomes  recognizable  at  higher  temperatures.  For  in¬ 
stance,  the  sequence  of  magnitude  of  the  effective  life¬ 
time  measured  at  250*^0  follows  inversely  the  order  of 
the  microroughness,  Le.,  rA<'rB<rc^TD>  although 
the  difference  seems  to  be  not  very  big.  However,  the 
corresponding  carrier  decay  curves  can  be  reproducibly 
distinguished  among  the  samples  as  shown  in  Fig.  2 
which  depicts  the  typical  sets  of  the  decay  curves  at 
both  room  temperature  (a)  and  250 °C  (b). 

In  the  literature,  it  has  been  reported  that  the  life¬ 
time  measured  at  elevated  temperatures  is  very  sensi¬ 
tive  to  silicon  crystal  imperfections  such  as  metallic  im¬ 
purities  and  grown-in  defects, and  surface-related 
defects  or  states  as  well.  The  surface  properties 
characterized  with  the  microroughness  should  also  con¬ 
tribute  to  the  lifetime  of  silicon  wafers  prepared  from 
the  same  ingot.  The  y  intercepts  of  the  extrapolated 
lines  of  the  linear  part  of  the  decays  are  indicated  in 
Fig.  2.  The  y  intercept  is  a  factor  directly  correlated  to 
the  surface  recombination  process  which  can  be  de¬ 
rived  from  the  separation  factor  in  the  algorithm  to 
separate  the  surface  and  bulk  lifetime  components.®^ 
The  surface  and  bulk  components,  as  well  as  the  effec¬ 
tive  lifetime,  obtained  by  the  algorithm  are  listed  in 
Table  II  for  the  samples  measured  at  both  the  tempera¬ 
tures.  It  should  be  emphasized  that,  although  no 
significant  differenFe*in  Tsurf  s-t  room  temperature  is  ob¬ 
served  among  the  samples,  they  can  be  clearly  distin¬ 
guished  at  250 °C.  Again  the  sequence  of  the  magni¬ 
tude  of  Tsurf  is  inversely  in  agreement  with  the 
microroughness.  Figure  3  clearly  depicts  the  depen¬ 
dence  of  the  surface  lifetime  on  the  microroughness. 


Time  (jis) 

(b) 


for  wafers  with  a  different  surface  microroughness  level. 


Table  II.  Lifetime  components  after  separation  procedure  meas¬ 
ured  at  room  temperature  and  250 ®C. 


Wafer 

room  temperature 

250°C 

■^eff 

(/is) 

'’"bulk 

ifis) 

^surf 

(a^s) 

'J'cff 

ifLs) 

'’"bulk 

(/is) 

‘^sun 

(Ais) 

A 

7.9 

15.1 

16.8 

33.6 

135.5 

46.7 

B 

8.1 

16.0 

16.6 

34.4 

109.3 

50.3 

C 

8.4 

16.9 

16.7 

37.0 

130.0 

51.6 

D 

8.0 

15.2 

16.9 

37.7 

134.8 

52.4 

The  variation  in  the  bulk  lifetime  among  the  samples 
at  250  °C  seems  not  to  be  significant.  This  is  because  of 
the  considerably  high  inaccuracy  of  the  bulk  lifetime  de¬ 
termination  when  the  surface  lifetime  is  dominant  to 
the  effective  lifetime  in  the  employed  algorithm. 
Although  all  the  temperature  dependent  factors,  such 
as  the  absorption  coefficient  and  the  Fermi  energy, 
should  be  taken  into  account  for  the  quantitative  analy¬ 
sis,  it  might  be  concluded  that  the  surface  microrough¬ 
ness  of  silicon  wafers  considerably  affects  the  surface 
recombination  lifetime,  and  in  turn  the  effective  life¬ 
time. 

It  is  reasonable  to  interpret  that  the  reduction  in  sur-\ 
face  roughness  results  in  less  interface  traps  which  act 
as  surface  recombination  centers.  In  the  employed  sam¬ 
ples,  the  bulk  lifetime  obtained  at  temperatures  below 
200  °C  is  considerably  low,  which  means  that  the  bulk 
recombination  is  a  strong  contributor  to  the  carrier 
decay.  In  consequence,  the  decay  at  temperatures 
below  200  may  not  be  influenced  dominantly  by  the 
surface  recombination  center  depending  on  the 
microroughness.  Whereas,  the  bulk  lifetime  becomes 


Surface  lifetime  (p.s) 
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A  B  C  D 

Wafer 


Fig.  3.  Dependence  of  surface  lifetime  measured  at  room  tempera¬ 
ture  and  250  °C  on  surface  microroughness. 

much  higher  than  the  surface  lifetime  at  higher  temper¬ 
atures,  where  the  surface  recombination  is  the  main 
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contributor  to  the  decay  resulting  in  the  observable  de¬ 
pendence  on  the  microroughness. 

In  summary,  silicon  wafers  with  different  surface 
microroughness  levels  have  been  studied  with  recombi¬ 
nation  lifetime  measurements  by  means  of  a  noncon¬ 
tact  LM-PC  technique  at  elevated  temperatures.  Using 
the  algorithm  for  the  separation  of  the  surface  and  bulk 
components,  it  has  been  shown  that  the  microrough¬ 
ness  considerably  affects  the  surface  lifetime  of  silicon 
wafers. 
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etsu  Handotai)  for  supplying  the  valuable  silicon  wafers 
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ABSTRACT 

Recombination  lifetime  and  diffusion  length  measured  with  the  photoconductance  decay  and  surface  photovoltage 
techniques  are  compared  theoretically  and  experimentally,  and  reasons  for  possible  discrepancies  are  discussed.  Specific 
examples  are  given  which  show  that,  if  full  advantage  of  these  noncontact  and  nondestructive  procedures  is  to  be  taken, 
it  is  necessary  that  siirface  recombination  be  considered  in  the  analysis  of  any  experimental  data.  This  is  particularly  true 
for  samples  where  the  diffusion  length  is  greater  than  one-fourth  of  the  wafer  thickness,  a  condition  for  which  it  is  essential 
that  theoretical  algorithms  for  separating  the  bulk  and  surface  components  of  recombination  be  developed. 


Electrical  characterization  of  silicon,  especially  with 
those  procedures  executed  in  a  noncontact  fashion,  is  an 
important  part  of  material  quality  evaluation.  In  the  case  of 
high  quality  silicon  wafers  electrical  probing  of  the  state  of 
charge  carriers  is  the  only  procedure  sensitive  enough  for 
defect  and  impurity  observation  at  low  concentrations. 
Three  basic  properties  of  common  interest  are:  (i)  minority 
carrier  recombination  lifetime,  7,  {ii)  diffusion  length,  L; 
and  {Hi)  mobility,  p..  Actually,  these  properties  are  not  inde¬ 
pendent  but  related  via  Eq.  7.  There  are  several  techniques 
available  for  measurement  of  each  of  these  parameters, 
among  which  the  photoconductance  (PC)  decay,  surface 
photovoltage  (SPV),  and  time-of- flight  are  the  most  popu¬ 
lar  for  7,  L,  and  p.,  respectively.^  For  silicon  with  a  moderate 
resistivity  mobility  values  are  relatively  well  established; 
however,  carrier  lifetime  and  diffusion  length  measure¬ 
ments  performed  on  the  same  samples  can  yield  significant 
differences.*’^  Thus,  it  has  been  noted  in  Ref.  2  that  carrier 
lifetime  methods  are  “very  ambiguous,  difficult  to  inter¬ 
pret,  and  very  unreproducible.”  Specifically,  inconsistent 
results  are  often  observed  when  comparing  PC  lifetime  and 
SPV  diffusion  length,  which  violate  the  expectation  justi¬ 
fied  via  Eq.  7.  This  paper  discusses  the  theoretical  basis  and 
potential  reasons  for  these  differences  using  a  series  of 
comparative  measurements  performed  with  both  the  SPV 
and  PC  techniques  on  the  same  samples.  It  is  shown  that  a 
much  improved  data  match  can  be  achieved  when  surface 
recombination  effects  are  properly  accounted  for. 

Analysis 

Photoconductance  technique. — In  the  photoconductance 
decay  technique  described  here,  an  excess  electron-hole 
pair  concentration  is  created  by  an  optical-laser  illumina¬ 
tion.  The  PC  signal  is  proportional  to  the  number  of  excess 
electron-hole  pairs  integrated  over  the  entire  wafer  vol¬ 
ume.  The  PC  decay  is  monitored  by  the  change  in  mi¬ 
crowave  power  reflected  from  the  sample.  The  carrier 
transport  problem  is  considered  to  be  one  dimensional, 
since  the  laser  spot  size  is  several  times  larger  than  either 
the  wafer  thickness  or  carrier  diffusion  length.  The  time 
dependence  of  volume  integrated  density  of  excess  minor¬ 
ity  carriers  can  be  expressed  as  a  series  of  exponentially 
'decaying  terms 


N  (a„  t)  =  A(olJ  2  B,(aJ  exp  (-  f )  [la] 

71.1 
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where 


sin^  [^1  -  exp  (~)] 


(“S  +  “x)  K<i  +  sin  (cx„ci)] 


1 

•  sinh  cos  +  a„  cosh  sin  (^)]  [lb] 


A  more  detailed  description  of  the  A  (a  J,  B  (ax),  and  7„  coef¬ 
ficients  may  be  found  in  Ref.  4  through  7.  The  absorption 
coefficient  is  related  to  the  laser  radiation  wavelength®  by 


[2] 


with  the  wavelength  \  in  p.m  and  the  adsorption  coefficient 
a^  in  cm‘^ 

The  series  of  aj, ...,  a„  and  7i, 7„  coefficients  reflect  the 
recombination  properties  of  the  sample  -via  hidden  parame¬ 
ters  like  the  bulk  lifetime  7buik,  surface  recombination  ve¬ 
locity  at  the  edge  of  the  surface  space-charge  and  bulk 
regions  S,  diffusion  coefficient  D,  and  wafer  thickness  d. 

The  theory  of  the  PC  measurements,  'via  Eq.  la  and  lb, 
indicates  that  the  typically  observed  nonlinear  initial  stage 
of  the  decay,  due  to  the  sirrface  recombination  component, 
becomes  linear  in  its  tail  portion.  From  the  slope  of  this 
linear  part  of  the  decay  an  effective  lifetime,  can  be 
determined.  The  effective  lifetime  defined  as  a  reciprocal 
slope  of  the  tail  portion  of  the  decay  does  not  represent  the 
true  bulk  lifetime  but  is  the  sum  of  two  recombination  life¬ 
time  components,  namely,  the  bxilk  and  the  surface  lifetime, 
as  given  by  Eq.  3 


Jl_ _ 1  ^  1 

[3] 

*^bulk  ^surf 

where 

—  =  a?D 
T.urt 

-with  tti  being  the  first  root  of 

[3a] 

a^d  =  arc  tan  ^  ^  +  arc  tan  ^ 

)  +  (w-  1)  ir  [3b] 

where  d  is  the  wafer  thickness,  D  is  the  carrier  diffusion 
constant,  and  Si  and  Sj  the  front  and  back  surface  recombi¬ 
nation  velocity,  respectively. 

Actually,  the  effective  lifetime  is  only  a  rough  measure  of 
material  quality,  even  though  it  is  sensitive  to  bulk  defects 
and  impurities  via  the  bulk  lifetime,  TbuUt,  it  also  depends  on 
the  surface  quality,  sample  thickness,  and  the  carrier  mo¬ 
bility  through  the  surface  lifetime  component  7^^^.  This  de- 
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Fig.  1 .  Tlieoretical  decay  profiles  of  the  normalized  minority-carrier 
density  for  surface  recombination  velocity  5^  =  52  =  S  =  10^  cm/s, 
diffusion  coefficient  D  =  Z7.7  cm^/s,  bulk  lifetime  Ttoiic  =  100  ps,  and 
laser  wavelength  X  =  0.91  pm,  for  wafer  thicknesses  d  from  400  to 
2000  pm. 


pendence  is  especially  important  in  ciarrently  available 
high  quality  silicon  characterized  with  high  lifetime/long 
diffusion  length  values.  Thus,  the  effective  lifetime  may  be 
significantly  different  from  the  bulk  Lifetime,  especially 
when  samples  are  relatively  “thin”  with  respect  to  the  dif¬ 
fusion  length,  t.e.,  the  bulk  lifetime  is  large.  An  example  of 
the  influence  of  wafer  thickness  on  the  shape  of  a  decay 
profile  is  illustrated  in  Fig.  1.  Note  that  as  the  slope  of  the 
tail  portion  of  the  decay  curve  changes,  so  does  the  effective 
lifetime.  The  magnitude  of  these  wafer  thickness-depen- 
dent  effective  lifetime  changes  can  be  observed  in  Fig.  2a 

(a) 


Fig.  2.  Influence  of  wafer  thickness  d  on  the  effective  lifetime  ob¬ 
served  with  the  PC  technique  for  surface  recombination  velocity  Sj  = 
$2  =  S  sz  10^  cm/s,  and  bulk  lifetimes  of  (a)  10  and  (b)  100  ps. 


and  b,  for  10  and  100  ps  bulk  lifetimes,  respectively,  as  a 
function  of  S .  Note  that  7^^  only  asymptotically  approaches 
the  bulk  value,  even  though  the  sample  is  relatively  thick. 
This  is  particularly  serious  for  high  values  of  the  surface 
recombination  velocity.  For  example,  a  sample  with  a 
100  ps  bulk  lifetime,  even  if  it  is  2  mm  thick,  yields  an 
effective  lifetime  of  only  55  ps,  if  the  surface  recombination 
velocity  is  of  the  order  of  10“*  cm/s.  In  this  case  is  obvi¬ 
ously  dominated  by  its  surface  component,  Therefore, 
in  order  to  obtain  an  accurate  measure  of  the  bulk  lifetime 
one  must  reduce  the  surface  effects,  e.g.,  surface  passiva¬ 
tion  by  thermal  oxidation  is  commonly  used.  A  mathemati¬ 
cal  aid  to  the  separation  of  surface  and  bulk  components  is 
also  possible  by  proper  analysis  of  the  shape  of  the  signal 
decay  which  results  from  the  recombination  process.  For 
example,  as  described  in  Ref.  6,  the  surface  recombination 
component  of  lifetime  can  be  determined  by  extrapolating 
the  tail  portion  of  the  carrier  decay  curve  to  the  carrier 
axis,  as  marked  by  the  y  intercept  point  in  Fig.  1.  Even 
though  the  slope  of  this  curve  depends  on  both  surface  and 
bulk  properties,  it  was  shown  in  Ref.  6  that  for  laser  pulses 
much  shorter  than  the  measured  lifetime  the  y  intercept 
depends  only  on  the  surface  component  of  lifetime.  Thus, 
once  is  loiown,  the  bulk  lifetime  can  be  calculated  from 
Eq.  3.  A  wide  range  of  surface  lifetimes,  corresponding  to 
surface  recombination  velocities  from  10‘  to  10^  cm/s,  and 
bulk  lifetimes  from  a  few  microseconds  to  several  hundred 
microseconds,  can  be  determined  with  an  algorithm 
described. 

Surface  photovoltage  technique. — In  the  SPV  method 
the  diffusion  length  rather  than  the  recombination  lifetime 
is  measured.  For  this  purpose  the  dependence  of  surface 
photovoitage  A  V,  is  examined  as  a  function  of  illumination 
wavelength  or  photoabsorption  coefficient,  which  are  re¬ 
lated  to  each  other  as  shown  in  Eq.  2.  The  measurement  is 
also  a  noncontact  one  since  the  probe  is  capacitively  cou¬ 
pled  to  the  semiconductor.  Either  no  or  a  very  simple  sam¬ 
ple  preparation,  e.p.,  boiling  in  water,  is  required  since  the 
space-charge  region  responsible  for  the  photovoitage  sig¬ 
nal  generation  exists  intrinsically  at  the  silicon  surface  due 
to  the  charge  associated  with  the  surface  and  native  oxide 
defects.®"^“  Two  approaches  are  commonly  applied,  either 
photon  flux  variations  due  to  a  change  of  illumination 
wavelength,  made  with  the  surface  photovoitage  AV,  kept 
constant,  or  changes  in  AV,  are  recorded  for  constant 
conditions.  Both  approaches  should  lead  to  the  same  re¬ 
sults  for  a  low  illumination  intensity  when  the  surface  pho¬ 
tovoitage  is  of  the  order  of  few  milivolts  or  less,  particu¬ 
larly  if  the  surface  defect  density  is  relatively  high,  i.e.,  at 
or  above  10^°  cm'^,  depending  on  the  defect  capture  cross 
sections  and  deep  energy  levels.  Three  different  surface 
states  related  to  the  near  sxixface  space-charge  region  can 
be  considered,  they  are  the  surface  inversion,  depletion, 
and  accumulation,  see  Ref.  13.  The  AX^,  is  the  highest  for  the 
surface  strong  invei^ion  conditions  when  for  p-type  Si  it  is 
equal  to 

AV,  =  — ^An  [4] 

q  nc 

where  kT/q  is  the  thermal  potential.  An  the  excess  carrier 
concentration  at  the  front  surface,  and  nj  and  po  the  intrin¬ 
sic  and  majority  carrier  concentrations,  respectively.  For 
accumulation  layer  conditions  a  similar  expression  can  be 
written 

kT  1 

Ay=  — —  An  [5] 

\  q  Po 

For  intermediate  depletion  layer  conditions  the  AVj 
win  vanish  whenever  the  flatband  condition  is  satisfied, 
i.e.y  y,  =  0. 

The  excess  carrier  concentration.  An ,  for  low  excitation 
levels  is  obtained  from  the  solution  of  the  one-dimensional 
continuity  equation,  see  Eq.  6.  It  is  subject  to  boundary 
conditions  similar  to  those  for  the  PC  method;^*®  however, 


3242 


J.  Electrochem.  Soc.,  Vol,  140,  No,  11,  November  1993  ©  The  Electrochemical  Society,  Inc. 


1 /absorption,  l/a^  [  pn  ] 

Fig.  3.  SPV  plots  for  tbe  same  data  as  in  Rg.  1 ,  ie.,  5i  =  52  =  5  = 
ICr*  cm/s,  diffusion  coefficient  D  =  37  J  cm  Vs,  bulk  lifetime  T^k  = 
100  fLS,  with  wafer  thickness  as  a  parameter.  Calculation  data  are 
marked  with  different  symbols  for  a  =  400  to  2000  p.m. 


with  SPV,  steady-state  instead  of  transient  conditions  must 
be  considered 


An  = 


^etf^X*^bulk 

(a^  Lbulk  1) 


B 

C 


e 


-axd  _ 


1 


[6] 


where 

A.  —  (5iS2i-fbulk/-^  ^2t^X-^bulk)  SUlh  (d/-Lbutk) 

+  (Sx  +  a^D )  cosh  (d  /Lbuik)  [6a] 
B  =  (S2-a,D)  [6b] 

C  5=  (5iS2T»buik/‘^  ***  f-^/]^buik)  sinh  (d/Bbuik) 

+  (SiSz)  cosh  (d /Lbuik)  [6c] 

and  Lbuik  is  the  bulk  diffusion  length  related  to  bulk  lifetime 
with  the  relationship 

m 

^  Q 

Carrier  mobilities  of  450  and  1450  cm^/V s  for  n-  and  p-type 
wafers, respectively,  are  assumed  in  our  calculations  con¬ 
sistent  with  the  resistivity  range  studied  here. 

A  typical  sirrface  photovoltage  analysis  for  the  constant 
mode  plots  the  reciprocal  of  the  A  V,  signal  us.  reciprocal 
absorption  coefficient.  The  data  points  should  yield  an  ap¬ 
proximately  linear  plot,  as  presented  in  Fig.  3  for  a  number 
of  wafer  thicknesses.  The  data  presented  in  Fig.  3  are  based 
on  the  same  set  of  parameters  used  to  plot  the  PC  decays 
presented  in  Fig.  1.  The  diffusion  length  L  is  obtained  from 
the  absolute  value  of  the  x  intercept  point  of  the  straight 
line.  It  is  evident  from  the  figure  that  the  x  intercept  varies 
with  the  wafer  thickness  and  reaches  the  true  Lbuik  only  if 
the  sample  is  three  to  four  times  thicker  than  the  diffusion 
length.  Thus,  it  is  essential  that  the  diffusion  length 
measured  via  SPV  be  called  an  effective  L ,  similar  to  7^ 
with  the  PC  measurement.  It  is  advantageous  to  define  an 
effective  diffusion  length  as 

AVr'  =  Cx(l/a^+L,tt)  [8] 

where  Cj  is  a  constant  of  proportionality.  is  determined 
using  the  linear  least  squares  fitting  method  of  theoreti¬ 
cally  calculated  or  experimentally  measured  points  to  a 
straight  line  as  marked  in  Fig.  3.  It  is  important  to  mention 
that  this  definition  does  not  imply  that  Leu  determined  via 
an  SPV  experiment  is  related  to  the  as  monitored  in  the 
PC  technique.  In  fact,  these  two  “effective”  parameters  are 


derived  from  very  different  physical  effects  and  are  not  re¬ 
lated  via  Eq.  7,  which  is  valid  only  for  true  bulk  properties. 

In  order  to  predict  the  influence  of  wafer  thickness  on  the 
SPV  measurement  results,  the  theoretical  dependence  of 
effective  diffusion  length,  based  on  Eq.  8,  was  calculated 
and  results  are  presented  in  Fig.  4.  Although  the  effective 
SPV  diffusion  length  can  have  a  value  lower  or  higher  than 
the  true  bulk  diffusion  length,  depending  on  the  specific 
value  of  surface  recombination  velocity,  the  correct  diffu¬ 
sion  length  is  only  recovered  using  wafers  that  are  three  to 
four  times  thicker  than  the  diffusion  length.  It  has  also  been 
observed  that  the  SPV  or  PC  decay  curve  linear  correlation 
factor  R  does  not  bear  a  first-order  relationship  with  the  t 
and  L  fluctuations,  since  essentially  unity  R  values  were 
obtained  in  both  calculations  presented  in  Fig.  1  and  3.  This 
occurs  in  spite  of  the  fact  that  the  surface  recombination  is 
obviously  a  part  of  the  total  recombination  process. 

Comparison  of  PC  and  SPV  theories. — Based  on  the 
above  theoretical  analysis  of  the  influence  of  wafer  thick¬ 
ness  on  the  effective  lifetime  and  effective  diffusion  length 
we  recognize  that  before  lifetimes/diffusion  lengths  are 
compared  further  discussion  of  the  SPV  and  PC  data  an^y- 
sis  is  required.  For  example,  we  compared  first  bulk  life¬ 
time  determined  in  the  PC  experiment  with  its  equivalent 
observed  in  the  SPV.  As  mentioned,  there  are  several  ways 
to  obtain  a  true  bulk  Hfetime  value  in  the  PC  experiment. 
Perhaps  the  most  straightforward  is  to  decrease  surface 
recombination  effects  by  wafer  oxidation,  but  this  solution 
may  interfere  with  the  need  for  a  nondestructive  measure¬ 
ment.  Another  is  to  prepare  a  speciaDy  tailored  thick  sam¬ 
ple.  This  solution  is  also  most  often  used  for  the  SPV 
measurements;  however,  it  is  not  compatible  with  using 
standard  thickness  wafers  with  a  high  throughput  capabil¬ 
ity.  For  this  reason,  several  algorithms  have  been  developed 
for  separation  of  the  bulk  and  surface  lifetime  component 
based  on  the  shape  of  the  PC  decay'”’  As  a  result,  a  full  set 
of  four  parameters,  that  is  the  effective,  the  bulk,  and  the 
surface  lifetimes  along  with  the  surface  recombination 
velocity  can  be  evaluated.  Moreover,  the  initial  nonlinear 


(b) 


Rg.  4.  Influence  of  wafer  thickness  d  on  the  effective  diffusion 
length  observed  with  the  SPV  technique  for  surface  recombination 
velocity  5,  =  Sj  =  S  =  10^  cm/s,  and  bulk  diffusion  lengths  of  (a)  194 
and  (b)  614  p.m. 
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Fig.  5.  TheoreHcai  dependence  of  bulk  vs.  effective  diffusion  length 
with  wafer  thickness  as  a  parameter  for  p-type  silicon  with  5=10"^ 
cm/ s. 


part  of  the  decay  is  a  visual  indicator  of  the  importance  of 
the  surface  component  as  a  part  in  the  overall  recombina¬ 
tion  process.  In  case  of  the  SPV  technique  there  is  no  such 
algorithm  available  yet  for  “thin”  samples  of  interest  al¬ 
though  the  problem  has  already  been  addressed.^^  For 
“thick”  samples  the  front  surface  recombination  velocity 
can  be  calculated  from  the  y  intercept  point  of  the  SPV  plot. 
Also,  by  measuring  the  saturation  value  of  the  A  V,  signal  at 
high  injection  level,  it  is  possible  to  calculate  the  surface 
charge  and  surface  recombination  velocity,  and  to  the  ex¬ 
tent  that  a  distribution  of  defect/contaminant  energy  levels 
and  capture  cross  sections  are  known  the  surface  concen¬ 
trations  of  defect  states  can  be  estimated.*  If  the  surface 
recombination  velocity  is  known  then  the  effective  diffu¬ 
sion  length  measured  in  the  SPV  experiment  can  be  cor¬ 
rected  (based  on  the  wafer  thickness)  and  the  true  Lbuik 
determined.  Toward  this  end  one  can  assume  identical  5 
values  as  experimentally  determined  from  the  correspond¬ 
ing  PC  measurement  since  in  both  experiments  the  same 
bare,  untreated  silicon  samples  were  used.  The  bulk  diffu¬ 
sion  length  is  obtained  by  matching  the  expected  ef¬ 
fective  diffusion  length  in  Eq.  8  with  the  experimentally 
measured  This  procediire  has  been  applied  in  the  ex¬ 
periment  detailed  below.  In  addition  for  use  as  a  rough 
estimate  a  theoretical  plot  of  bulk  diffusion  length  vs,  ef¬ 
fective  diffusion  length  with  wafer  thickness  as  a  parame¬ 
ter  is  presented  in  Fig.  5, 

Experimental  Procedures 

Experimental  comparative  PC  vs.  SPV  tests  were  per¬ 
formed  on  several  n-  and  p-type,  6  in.  diam,  10  to  20  flcm 
CZ  silicon  wafers.  In  the  first  part  of  the  experiment,  sev¬ 
eral  wafers  of  different  thickness  were  measured.  The  sam¬ 
ples  were  cut  from  the  same  part  of  an  ingot  to  assure  sim¬ 
ilar  bulk  properties/lifetimes.  In  order  to  observe  an 
influence  of  surface  recombination  velocity  on  effective 
diffusion  length  a  bare,  untreated  sample  was  compared 
with  a  sample  passivated  by  immersing  in  an  iodine-based 
solution  during  measurements.  In  the  second  part  of  the 
experiment  four  samples  with  a  wide  range  of  lifetime  val¬ 
ues  were  used.  These  included  an  n-type,  intentionally 
thick  (2  mm)  sample  characterized  with  high  lifetime,  and 
three  p-type,  standard  thickness  (0.675  mm)  wafers  of  high, 
medium,  and  low  lifetime.  Since  the  wafers  have  an  intrin¬ 
sically  built-in  space-charge  region,  no  special  siirface 
preparation  was  needed.  Each  sample  was  measured  at 
several  locations  ^th  approximately  the  Scime  repeat  pat¬ 
tern  using  both  tS^PV  and  PC  techniques.  Sample  No.  14 
was  measured  before  and  after  annealing  at  200°C,  as  weU 
as  following  high  power  light  exposure  in  order  to  dissoci¬ 
ate  the  Fe-B  complex,  present  in  the  sample  due  to  a  back¬ 
ground  contamination,  into  interstitial  iron  and  substitu¬ 
tional  boron.  This  sample  is  referred  as  14R  and  14 A,  for 


wafer  thickness,  d  [  |im  ] 

Fig.  6.  Effective  diffusion  length  measured  for  (a)  bare  and  (b) 
immersed  in  electrolyte  silicon  samples  of  different  thicknesses.  Theo¬ 
retical  results  are  also  shown  assuming  surface  recombination  veloc¬ 
ity  2  •  10^  cm/s  and  20  cm/s,  for  (a)  and  (b),  respectively. 

the  reference  and  annealed  data,  respectively.  In  this  way 
one  sample  functioned  as  both  a  medium  and  low  lifetime 
sample,  since  Fe  is  essentially  much  less  active  as  a  recom¬ 
bination  center  when  is  resides  within  a  Fe-B  complex,  but 
becomes  a  very  active  deep  level  after  thermal  or  optical 
dissociation.  Since  the  dissociation  process  is  reversible 
with  a  time  constant  of  several  days  at  room  temperature, 
it  was  possible  for  the  SPV  and  PC  measurements  to  be 
carried  out  separately  and  then  cross  examined.  For  the  PC 
measurements  a  noncontact  laser  excitation/microwave  re¬ 
flection  system,  Lifetech-88'®  (SEMITEX  Company  Lim¬ 
ited,  Japan), operating  with  a  laser  wavelength  910  nm 
and  pulse  width  of  150  ns  was  used.  SPV  measxirements 
were  performed  on  the  noncontact,  capacitively  coupled, 
CMSin'^  (Semiconductor  Diagnostics,  USA)^  system  using 
a  white  spectrum  lamp  with  monochromatic  light  excita¬ 
tion  cut  off  via  1.0,  0.975,  0.950,  0.925,  0.900,  0.850,  and 
0.800  pm  narrow  band  filters.  The  constant  photon  flux 
mode  of  operation  was  applied. 

Experimental  Results 

The  influence  of  wafer  thickness  on  SPV-measured  diffu¬ 
sion  lengths  for  wafers  characterized  with  two  signifi¬ 
cantly  different  surface  conditions  is  presented  in  Fig.  6. 
The  results  of  theoretical  calculations  are  also  shown  for 
comparison.  Typical  surface  recombination  velocity  values 
equal  to  2  •  10**  cm/s  and  20  cm/s  were  assumed  for  this 
purpose  for  the  bare  and  chemically  passivated  surfaces, 
respectively.  In  spite  of  the  accuracy  of  theoretical  and  ex¬ 
perimental  data  matching,  which  seems  reasonable  in 
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Fig.  7.  Typical  experimental  SPV  plot  for  the  23P  sample. 
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Rg.  8.  Typical  experimental  PC  decay  for  the  23P  sample. 


Fig,  6,  it  is  evident  that  wafer  thickness  must  be  taken  into 
account  for  a  correct  evaluation  of  diffusion  length  in 
“thin”  samples.  Moreover,  an  analysis  procedure  which  is 
able  to  determine  the  surface  recombination  velocity  at  the 
back  side  of  wafer  must  be  derived  before  the  true  diffusion 
length  can  be  recovered.  To  the  best  of  our  knowledge,  such 
a  procedure  is  not  yet  available;  therefore,  in  subsequent 
experimental  SPV  data  analyses,  the  surface  recombina¬ 
tion  velocities  measured  with  the  PC  technique  were 
assumed. 

A  typical  surface  photovoltage  analysis  for  each  of  the 
seven  narrow  band  filters  yields  an  approximately  linear 
plot,  as  presented  in  Fig.  7  for  sample  No.  23P.  The  diffusion 
length,  L^fl,  is  obtained  from  the  absolute  value  of  the  x -in¬ 
tercept  point  of  the  straight  line.  Note  that  the  linear  A 
vs.  correlation  factor  is  R  =  0.9992  in  Fig.  7  and  was 
close  to  unity  for  every  case  studied.  The  corresponding 
“raw”  photoconductance  decay  data  for  the  same  sample 
are  shown  in  Fig;  8.  The  nonlinear  initial  part  of  the  decay 
due  to  the  surface  recombination  component,  becomes  lin¬ 
ear  in  its  tail  portion,  as  expected.  For  both  the  SPV  and  PC 
measurements  the  measurement  error  of  the  same  point 
was  on  the  order  of  few  percent,  while  the  wafer  uniformity 
was  better  than  10%,  The  experimental  L^b  by  SPV  and  Te^ 
by  PC  data  and  calculated  complementary  value  for  Tspv 
and  Lpc,  based  on  Eq.  7,  are  summarized  in  Table  I  along 
with  other  sample  data. 


Table  1.  Sample  descnpHons  and  initial  "raw^  measurement  results. 


Sample 

Type 

Thickness 

(^rni) 

(m^) 

Tspv 

(mjh) 

(m^) 

Difference 

inT(%) 

23P 

p-Type 

675 

331 

220 

29.1 

12.8 

±39 

MER 

p-T^re 

675 

396 

231 

41.6 

14.2 

±49 

14R‘*^ 

p-T^e 

675 

302 

214 

24.2 

12.2 

±33 

14A^‘ 

p-Type 

675 

144 

144 

5,5 

5.5 

0 

37N 

n-iype 

2000 

654 

560 

366 

268 

±16 

•  Measured  before  Fe-B  pair  dissociation. 

^  Same  sample  as  14R  but  after  Fe-B  pair  dissociation, 

*  Obtained  with  Eq.  7. 


Table  11.  Measurement  results  for  the  PC  technique 
after  lifetime  component  separation. 


Sample 

Telf 

(^ts) 

Tbuik 

Tturf 

{\^) 

S-IO* 

(cm/s) 

(jun) 

23P 

12.8 

40.9 

18.8 

1.2 

393 

MER 

14.2 

57.7 

19.2 

1.1 

466 

14R 

12.2 

34.3 

19.1 

1.1 

360 

14A 

5.5 

7.1 

24.5 

0.41 

164 

37N 

268 

420 

647 

0.03 

701 

Table  HI.  Bulk  diffusion  length  calculations  based 
on  the  effective  diffusion  lengths  listed  in  Table  1 
and  surface  recombination  velocity  from  Table  II. 


Sample 

((im) 

f^ulk 

(pm) 

Tbuik 

(M^) 

S- 10‘ 
(cm/s) 

23P 

331 

29.1 

377 

37.8 

1.2 

MER 

396 

41.6 

514 

70.1 

1.1 

14R 

302 

24.2 

331 

29.1 

1.1 

14A 

144 

5,5 

144 

5.5 

0.41 

37N 

654 

366 

655 

367 

0.03 

It  is  evident  that  the  PC  results  are  consistently  lower 
than  the  SPV  data  with  the  exception  of  sample  14A,  where 
an  excellent  agreement  was  reached.  However,  the  Tspv  and 
Lpc  are  included  in  Table  I  only  as  a  means  of  “early”  com¬ 
parison;  since  prior  results  from  the  theory  of  SPV  and  PC 
measurements  do  not  justify  using  Eq.  7  for  the  effective 
values.  Therefore,  the  true  bulk  lifetime  was  determined 
from  the  initial  PC  measurement  results  by  applyingthe  PC 
separation  algorithm  as  summarized  in  Table  H. 

Again,  there  is  no  satisfactory  agreement  reached  yet  be¬ 
tween  the  bulk  PC  diffusion  length  obtained  after  the  sepa¬ 
ration  procedure,  and  the  SPV  data  in  Table  I.  However, 
now  the  PC  Lbuik  is  consistently  longer  than  the  SPV  L^ff, 
and  it  is  reasonable  to  suspect  that  the  SPV  results  are,  in 
fact,  also  dependent  on  the  surface  recombination  process. 
Actually,  a  surface  influence  for  SPV  is  very  likely,  since  the 
PC  technique  uses  one  of  the  same  illumination  wave¬ 
lengths  as  the  SPV  measmement.  Since  the  simplified  SPV 
theory  allows  the  use  of  Eq.  8  only  if  the  diffusion  length  is 
approximately  one-fourth  of  the  wafer  thickness,^  then  L^b 
reaches  Lbujk  as  illustrated  in  Fig,  4.  This  condition  is  only 
fulfilled  in  Table  I  for  sample  No.  14A  where  the  dissoci¬ 
ated  Fe  in  the  armealed  sample  has  reduced  the  diffusion 
length  to  144  ^mi,  which  happens  to  be  about  one-fourth  of 
the  wafer  thickness.  Thus,  all  untreated  samples  must  be 
considered  to  be  relatively  “thin.”  For  this  reason  the  bulk 
values  of  the  SPV  diffusion  length  were  estimated  by  tak¬ 
ing  the  experimental  effective  diffusion  length  and  assum¬ 
ing  surface  recombination  velocity  as  determined  in  the  PC 
experiment.  The  results  using  this  approach  for  bulk  SPV 
Hfetime  estimations  are  summarized  in  Table  HE. 

Generally  the  SPV  Lbuik  values  are  longer  than  the  effec¬ 
tive  ones,  similar  to  the  PC  bulk  lifetimes  which  were 
longer  than  the  effective  lifetimes.  Finally,  the  actual  PC 
and  SPV  diffusion  length/recombination  lifetime  specified 
in  the  Tables  EC  and  HI  have  been  collected  in  Table  IV 
where  it  can  be  seen  that  a  much  better  agreement  than 
initially  presented  in  Table  I  is  reached. 

Conclusions 

The  recombination  lifetime  and  diffusion  length 
measured  with  the  surface  photovoltage  and  photoconduc¬ 
tance  technique  were  compared  for  a  variety  of  silicon,  n- 
and  p-type  samples.  Initially,  significant  “raw”  data  dis¬ 
crepancies  of  the  order  of  50%  were  observed  between  two 
techniques  when  applied  to  the  same  samples.  These  dis¬ 
crepancies  result  from  the  influence  of  the  surface  recombi¬ 
nation  component  affecting  the  measurements  to  a  differ¬ 
ent  degree  for  each  technique.  The  correct  analysis  has  to 
include  the  lifetime  component  separation  in  order  to  de¬ 
termine  the  true  bulk  properties,  especially  in  high  quality 


Table  iV.  Final  comparison  of  the  bulk  diffusion  lengths 
and  lifetimes  determined  in  SPV  and  PC  measurements 
after  eliminating  the  surface  recombination  effects. 


Sample 

Espv 

(pm) 

■Lpc 

iiim) 

Tspv 

(m^) 

TpC 

(M.S) 

Difference 

mT(%) 

23P 

377 

393 

37.8 

40.9 

±4 

MER 

514 

466 

70.1 

57.7 

±10 

14R 

331 

360 

29.1 

34.3 

±8 

14A 

144 

164 

5.5 

7.1 

±12 

37N 

655 

701 

367 

420 

±7 

Based  on  Tbuik  and  Eq.  7. 


J.  EJectrochem,  Soc.,  Vol.  140,  No.  11,  November  1993  ©  The  Eiectrochemical  Society,  Inc. 


3245 


materials  where  the  samples  are  relatively  “thin”  with  re¬ 
spect  to  the  diffusion  length.  To  this  end  several  separation 
algorithms  are  available  for  the  PC  technique,  whereas 
they  await  future  development  for  the  SPV  technique.  It  is 
shown  that  both  techniques  can  lead  to  an  agreement 
within  15%,  if  the  influence  of  surface  recombination  ef¬ 
fects  is  eliminated  and  the  bulk  lifetimes  are  compared. 
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An  algorithm  for  separating  the  bulk  and  surface  components  of  recombination  lifetime 
obtained  via  a  contactless  laser  excitation/microwave  reflection  decay  measurement  is 

oresented.  The  surface  recombination  component  of  lifetime  is  determined  by  extrapolating  the 
tail  portion  of  the  carrier  decay  curve  to  the  carrier  axis.  Although  the  slope  of  this  cu^e 
depends  on  both  surface  and  bulk  properties,  it  is  shown  that  the  intercept  depends  only  on  the 
surface  component  of  lifetime.  A  wide  range  of  surface  lifetimes,  corresponding  to  surface 
recombination  velocities  from  10^  to  10^  cm/s,  and  bulk  lifetimes  from  a  few  microseconds  to 
several  hundred  microseconds  can  be  measured.  An  experimental  venfication  of  the  analyp  is 
presented  using  microwave  absorption/reflection  measurements  on  silicon  wafers  representing  a 
wide  variety  of  bulk  and  surface  lifetime  components. 


INTRODUCTION 

Minority  carrier  recombination  lifetime  is  a  basic  elec¬ 
trical  property  of  semiconductors  and  provides  important 
information  about  material  quality.  For  its  measurement, 
contactless,  nondestructive,  and  high  throughput  tech¬ 
niques  are  especially  desired.  The  laser  excitation/ 
microwave  reflection  photoconductance  (LM-PC)  method 
meets  many  of  these  basic  requirements.  However,  the  cor¬ 
rect  interpretation  of  LM-PC  decay  curves  requires  a  de¬ 
tailed  understanding  of  the  origin  of  carrier  recombination 
processes,  and  special  attention  must  be  paid  to  the  sepa¬ 
ration  of  ditfereiit  components  of  recombination  lifetime.  It 
is  commonly  recognized  that  recombination  effects  in  sili¬ 
con  crystals  are  mainly  attributed  to  the  presence  of  defects 
located  within  the  forbidden  gap  which  act  as  recombina¬ 
tion  centers  (traps).  With  respect  to  the  volume  distribu¬ 
tion  of  these  defects,  two  distinct  regions  must  be  consid¬ 
ered:  the  bulk  of  the  wafer  which  generally  has  a  relatively 
low  density  of  defects,  and  the  more  highly  defected  (or 
contaminated)  near-surface  region.  Generally,  an  “effec¬ 
tive”  lifetime,  having  two  components,  designated  bulk  and 
surface,  is  specified  for  a  given  wafer.  The  bulk  component 
is  controlled  by  the  concentration  Nj-  recombination 
centers,  their  capture  cross  section  cr,  and  their  energy  lev¬ 
els  Efy  whereas  the  surface  component  depends  on  surface 
recombination  velocities,  iS'front  easier  diffusion 

constant  D,  and  wafer  thickness  It  should  be  noted 
that  although  the  diffusion  constant  and  wafer  thickness 
control  the  surface  lifetime  component  they  are  actually 
bulk  and  not  surface  properties.  - 

'  In  high  quality  materials  the  bulk  lifetime,  he 

much  longer  than  the  surface  lifetime,  which  on  the 
bare  silicon  is  usuaUy  in  the  order  of  tens  of  microseconds. 
As  a  result  the  measured  “effective”  lifetime  is  domi¬ 
nated  by  its  surface  component.  Therefore,  in  order  to  ob¬ 
tain  the  bulk  lifetime;  a  separation  of  two  components  is 
obligatory  or,  as  a  possible  solution  of  the  problem,  those 
practical  situations  for  which  the  surface  component  is 


negligible  must-  be  verified.  For  example,  this  happens 
when  either  the  carrier  diffusion  constant  or  surface  recoin- 
bination  velocities  are  small,  or  the  measured  wafer  is 
thick.  In  these  cases,  the  surface  recombination  process  is 
limited  either  by  the  low  flux  of  carriers  diffusing  toward 
the  surface,  by  the  low  surface  recombination  velocity  it¬ 
self,  or  if  the  ratio  of  carriers  recombining  at  the  surface  to 
that  within  the  bulk  is  low  due  to  the  large  thickness  of  the 
measured  wafer.  Ail  of  these  possibilities  are  observed  in 
practice.  In  low  quality  material,  the  effective  lifetime  is 
assumed  to  be  equal  to  the  bulk,  due  to  the  low  diffusion 
coefficient.  Otherwise,  a  wafer  of  significantly  larger  thick¬ 
ness,  sometimes  up  to  1  cm,  has  to  be  prepared  for  mea¬ 
surements.^’^  It  is  also  possible  to  reduce  the  surface  re¬ 
combination  velocity  either  by  oxidation,"^  or  by  chemical 
immersion  during  measurement.^  It  has  also  been  noticed 
that  the  surface  activity  can  be  changed  by  wafer  irradia¬ 
tion  with  ultraviolet  light, ^  although  in  this  case  the  surface 
activity  is  not  constant  with  time  and  the  physical  mecha¬ 
nism  is  not  yet  fully  understood.  For  all  of  these  cases,  the 
surface  recom-bination  component  is  negligible  and  the 
measured  effective  lifetime  may  be  assumed  to  be  equal  to 
the  bulk. 

Unfortunately,  these  limiting  cases  are  not  always  ap¬ 
plicable.  They  require  a  special  sample  preparation  when  a 
thick  wafer  without  any  reference  to  the  actual  size  is  used, 
or  are  destructive  and  time  consuming  since  the  oxidation 
process  may  change  the  initial  lifetime  value.  Moreover, 
they  may  be  limited  for  some  applications,  e.g.,  immersing 
in  chemicals  for  measurements  at  temperature  elevated  up 
to  250  “C.  The  separation  of  surface  and  bulk  components 
is  also  possible  by  an  analysis  of  the  shape  of  the  ^signal 
decay  which  results  from  recombination  processes.  ’  Re¬ 
cently,  a  new  algorithm  has  been  presented  for  separating 
the  bulk  and  surface  components  of  recombination  life¬ 
time,  which  is  based  on  two  measurements  of  the  sample 
excited  consecutively  by  two  lasers  of  different  wave¬ 
lengths.  The  difference  in  shape  of  the  two  corresponding 
decay  curves,  which  results  from  a  geometrical  change  in 
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the  electron-hole  pair  generation  function,  was  evaluated 
to  yield  the  surface  recombination  velocity.  In  this  article 
'an  improved  algorithm  which  is  applicable  for  analysis  of 
data  obtained  with  one  laser  only  is  presented.  Although 
the  elimination  of  one  of  the  two  excitation  lasers  was 
achieved,  the  measurement  concept  for  the  separation  re¬ 
mains  essentially  the  same.  In  this  way  a  significant  sim¬ 
plification  of  the  system  with  a  decrease  in  measurement 
time  and  enhanced  accuracy  was  achieved.  This  report  pre¬ 
sents  an  experimental  verification  of  the  new  single  laser 
approach,  and  discusses  practical  aspects  of  the  technique 
in  terms  of  its  limits  and  accuracy.  -  ‘ 

ANALYSIS 

In  the  laser/microwave  photoconductance  technique 
described  here,  the  excess  electron-hole  pair  concentration 
created  by  an  optical-laser  illumination  is  monitored  via 
the  reflectance  of  a  microwave  beam  probing  the  sample. 
At  the  applied  oscillator  frequency  of  9.6  GHz  for  a  wafer 
resistivity  above  1  fl  cm,  the  microwave  penetration  depth 
is  typically  larger  than  the  wafer  thickness:  Therefore,  the 
signal  decay  is  proportional  to  the  number  of  excess 
electron-hole  pairs  integrated  over  the  entire  wafer  volume. 
The  carrier  transport  problem  is  considered  to  be  one  di¬ 
mensional,  since  the  laser  spot  size  is  several  times  larger 
than  either  the  wafer  thickness  or  carrier  diffusion  length. 
The  time  dependence  of  volume  integrated  density  of  ex¬ 
cess  minority  carriers  can  be  expressed  as  a  series  of  expo¬ 
nentially  decaying  terms: 

N{ax,t)=A{a{)  X  -6„(aA)exp( (la) 

n=l  \  ^nj 

where 

sin(a„rf/2)  [  1  — exp(  —  T/r^)  ] 

BnicLx)  -  ^  ial+ai)  [aj+sm{a„d)  ] 

X  [cLx  sinh(a^c?/2)cos(a;j£f/2) 

-{-an  cosh (a^c?/2) sin (a„<i/2)].  (lb) 

A  more  detailed  description  of  the  ^(a^),  B{ax),  and 
coefficients  may  be  found  in  Refs.  7  and  9.  The  series  of 
and  coefficients  reflect  the  recombination 

properties  of  the  sample  via  hidden  parameters  like  the 
bulk  lifetime  Tbui^,  surface  recombination  velocity  5,  diffu¬ 
sion  coefficient  D,  and  wafer  thickness  d.  The  separation  of 
bulk  and  surface  components  takes  advantage  of  the  influ¬ 
ence  of  laser  wavelength  on  the  decay  profile  given  by  Eq. 
(1).  Since  the  laser  wavelength  A  is  strictly  related  to  the 
photoabsorption  coefficient  either  factor  can  be  equiv¬ 
alently  considered.  In  this  article  absorption  coefficient 
rather  than  laser  wavelength  is  appropriate.  A  representa¬ 
tive  family  of  decay  curves  with  absorption  coefficient  as  a 
parameter  is  presented  in  Fig.  1.  Notice  that  the  slope  of 
the  curves  varies  with  time,  especially  for  the  initial  part  of 
the  decay,  and  that  these  variations  are  strongly  affected  by 
the  photoabsorption  coefficient.  As  previously  shown,^  the 
slope  change  can  be  correlated  with  the  surface  recombi¬ 
nation  phenomenon.  For  the  later  part  of  the  decay  curves 
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FIG.  1.  Decay  profiles  of  the  normalized  minority-carrier  density  for 
wafer  thickness  i/=650  pm,  diffusion  coefficient  i?=30  cmVs,  and  a^:  A, 
i.e.,  photoabsorption  coefficient:  wavelength  values  equal  to  (a)  12.4 
cm-*:  1.06  pm  (b)  119.6  cm"*:  0.97  pm,  (c)  278.7  cm”*:  0.91  pm,  (d) 
658.9  cm*"*:  0.83  pm,  and  (e)  1572.5  cm"*:  0.73  pm.  The  separation  is 
denoted  by  b  and  the  effective  lifetime  by 


the  slope  stabilizes  at  a  constant  value  independent  of 
which  absorption  coefficient  is  taken.^  This  slope  is  often 
used  to  calculate  an  effective  lifetime,  sometimes  “mathe¬ 
matically”  referred  to  as  an  asymptotic  instantaneous  life¬ 
time.  Additionally,  for  each  pair  of  absorption  coefficients 
a XI  and  ^  separation  5  between  decays  is  observed  as  a 

function  of  time,^  see  Fig.  1.  This  separation  reaches  its 
limit  5*  when  t^oo,  and  in  subsequent  discussion  is  called 
the  separation  factor: 

^,(a„)  X.-.  A(;S) 

In  general,  several  microseconds  are  usually  long  enough 
to  fulfill  this  condition  for  a  large  range  of  recombination 
velocities.  In  the  algorithm  presented  in  Ref.  9,  the  sepa¬ 
ration  factor  corresponding  to  two  different  photoabsorp¬ 
tion  coefficients  was  used  to  determine  the  surface  recom¬ 
bination  effect.  This  factor  is  easy  to  experimentally 
determine,  as  will  be  shown  in  Fig.  2.  5*  does  not  depend 
on  Tbuik  but  is  directly  related  to  Tjurf  which  enables  us  to 
experimentally  determine  the  surface  recombination  com¬ 
ponent,  and  then  use  Eq.  (3)  to  calculate  the  bulk  lifetime: 

(3) 

T’bulk  '^surf 

A  disadvantage  of  the  algorithm  used  in  Ref.  9  is  the  ne¬ 
cessity  of  making  two  consecutive  measurements  with  two 
different  laser  wavelengths.  However,  a  detailed  study  of 
the  separation  factor  5*  reveals  that  it  has  a  finite  limit 
when  one  absorption  coefficient  approaches  zero.  This  limit 
is  designated  5^  and  is  given  by  the  following  equation: 
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8  a=  1-175/ 


5(t 


ref.(b)  >.. 


J  0.6 


s  =  10  cm/s 
0^  =  658.9  cm" 


fig.  2.  Simulated  decay  profiles  and  separation  ^  ;;;2'eS 

the  same  value  of  surface  recombination  velocity  and  bulk  lifetimes  equa 
IS  (aTlSV  and  (b)  100  ;ts.  The  intercept  ^int.  the  value  of 
separation  fac^r  and  the  reference  decays  are  indicated  in  the  figur  . 


5*(a^^_0)=5o=ccrist+lnf5i(aAi)  j 


Note  that  5<,  is  a  function  of  only  one  absorption  coefficient 
(laser  wavelength).  Additionally,  if  light  with  zero  absorp¬ 
tion  coefficient  could  be  used,  the  corresponding  decay 
would  have  a  slope  which  is  time  independent  and  equal  to 
the  effective  lifetime.  Such  a  decay  is  called  a  reference 
decay  in  the  following  discussion.  It  can  be  drawn  as  a 
straight  line  crossing  the  maximum  point  of  the  expermen- 
tal  decay  and  being  parallel  to  its  later  part,  as  presented  m 
Fie  2.  In  this  figure  two  decays  are  simulated,  each  with  a 
different  value  of  the  bulk  but  the  same  surface  lifjime  and 
the  corresponding  reference  decays  are  marked,  sepa¬ 
ration  function  5  which  does  not  depend  on  the  buM®- 
time  is  shown,  and  the  value  of  separation  factor  5,,  is 
marked  as  well.  Notice  that  mathematically  this  value  is  an 
equivalent  to  the  logarithm  of  intercept  [Sa-My  mter- 
cept)l  of  the  line,  which  is  an  extension  of  the  linear  (tad) 
part  of  the  decay  whose  the  slope  defines  the  effective  life¬ 
time.  Since  identical  values  of  the  surface  lifetime  compo¬ 
nent  are  simulated  in  the  figure,  both  decay  curves  (a)  and 
(b)  extrapolate  to  the  same  y  intercept,  as  marked  in  Fig. 
2.  Use  of  this  formalism  permits,  with  a  single  me^me- 
ment  (with  one  laser  wavelength),  the  expermen^  aexp 
value  to  be  determined  and  through  it,  the  surface  lifetime. 
To  facilitate  this  analysis  the  theoretical  relations  o 
(4)  above  and  Eq.  (le)  in  Ref.  9  have  been  numencaUy 
calculated  to  specify,die  separation  factor  and  surface  life¬ 
time  as  a  function  of  the  surface  recombination  velocity 
which  acts  as  the  independent  variable.  These  relations  tie 
the  separation  factor  5,  with  surface  recombination  veloc- 

2875  J.  Appl.  Pbys..  Vol.  72,  No.  7,  1  October  1992 


'c  3 
1  10 


0.001  0.01 


D  =  20  cm  /  s 
a  ^=658.9  cm^ 


1  10^ 


d  [  cm  ]  - 
,0.085  ■ 
/  0.075 1 
^  0.065 ; 

:::  0.055 

-^0.045 


0.001  0.01 


fig  3  Relationship  of  surface  lifetime  vs  separation  factor  5  with 
U)  diffusion  constant  D  and  (b)  wafer  thickness  d  as  a  parameter. 


itv  or  finally  with  the  surface  lifetime  when  surface 
recombination  velocity  is  eliminated.  Following  a  foimffi 
x-y  coordinate  exchange,  the  surface  lifetime  «  Pitted  m 
Figs.  3(a)  and  3(b)  as  a  function  of  8^  with  diffusion 
coefficient  D  and  wafer  thickness  d  used  as  p^ameters 
respectively.  It  is  clear  that  for  any  specific  value  of  the 
sepLation  factor,  the  surface  lifetime  can  vary  ^  much  ^ 
an  order  of  magnitude  when  the  diffusion  constant  rang^ 
from  5  to  35  cmVs  (e.g.,  at  room  temperature,  mobility 
varies  from  192  to  1346  cm^/V  s).  A  similar  ^uence  of 
wafer  thickness  on  the  surface  lifetime  «  ^served  ^ 
shown  in  Fig.  3(b).  Therefore,  it  is  essential  that  the  ^rfer 
thickness  and  diffusion  constant  values  are  known  for  t 
T  ^calculations.  Although  the  geometncal  factor  d  (wafer 
£kness)  can  be  easily  determined,  the  diffusion  coeffi- 
cSnt  which  is  related  to  carrier  mobility  /i  ^th  relation-  V 
ship  D=^fikT/q  always  remains  uncertain,  unless  it  is  mea-  i 
S^ed  in  a  separate  experiment.  The  mobUity  depend^ 
often  overlooked  or  ignored,  and  m  practice  a 
value  is  used  for  calculations  without 
measurements.  Unfortunately,  any  error  m  the  D  estma 
tion  will  be  reflected  in  the  determmation  ^d  ulti¬ 
mately  in  the  Tbuik  evaluation,  as  will  be  discussed  m  nex 
section. 
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MEASUREMENTS  LIMIT:  THEORETICAL  MODELING 


(a) 


Measurement  limits  and  accuracy  are  important  prac¬ 
tical  aspects  of  the  Tjurf  and  r^uik  determination.  These  lim¬ 
its  are  not  only  controlled  by  the  accuracy  of  a  specific 
measurement  system  itself,  but  also  result  from  the  theo¬ 
retical  formula  given  by  Eq.  (3).  Noise  in  the  microwave 
detection/amplification  unit  and  data  digitization  in 
analog/digital  (A/D)  convertor  are  two  of  the  most  im¬ 
portant  sources  of  measurement  error  affecting  the  exper¬ 
imental  value  of  Tcff  and  5^.  In  order  to  observe  the  influ¬ 
ence  of  these  error  sources  on  measurement  accuracy,  a 
signal  decay  was  simulated  assuming  an  8  bit  A/D  con¬ 
verter  (256  levels)  and  signal  to  noise  ratio  equal  to  100:1. 
Representative  examples  of  digitized  “noisy”  decay  curves 
for  10  /iS  to  1000  /iS  bulk  lifetimes,  and  a  selected  decay  at 
100  /xs  with  its  corresponding  separation  function  5  versus 
time  are  shown  in  Figs.  4(a)  and  4(b),  respectively.  By 
comparison  of  theoretical  initial  input  data  to  data  ex¬ 
tracted  back  from  the  decays  after  digitization  using  the 
best  linear  fitting  method,  the  measurement  accuracy  is 
estimated  to  be  within  the  range  of  5-10%  for  both  Tefl-and 
8a-  Moreover,  the  error  for  obtained  from  5^  is  also 
affected  by  the  uncertainty  in  d  and  D,  If  D  is  not  mea¬ 
sured,  but  only  “reasonable”  value  taken  into  account,  the 
accuracy  can  be  very  poor.  The  error  in  bulk  lifetime  Tbuik 
is  larger  than  for  and  5^,  and  depends  strongly  on  how 
close  the  is  to  r^.  The  expression  which  describes  the 
accuracy  of  r^uik  measurement  results  directly  from  Eq. 
(3)  and  is  given  by 


^"^bulk  ^  ^^surf  ^  ^"^surf^surf/^eff 

'^bulk  '^surf  ^ 

A  graphical  representation  of  this  equation  is  presented  in 
Fig.  5;  where  finite  increments  Argg-  and  Argurf  were  used 
for  the  calculations.  The  highest  accuracy  of  Ar^uik  which 
is  close  to  ATgff  (assumed  to  be  5%  in  Fig.  5)  can  only  be 
reached  when  Whereas  is  very  close  to  Tg^, 

e.g.,  the  bulk  lifetime  is  much  longer  than  the  surface,  the 
bulk  lifetime  is  extracted  with  an  enormous  error  and 
sometimes,  in  extreme  case,  it  appears  to  be  negative.  Such 
case  is  not  shown  in  Fig.  5  but  it  can  likely  happen  when 
the  rsurf<  Tgff  due  to  measurement  errors  if  the  is  under 

and  the  Tgg-  overestimated.  Most  often  it  results  from  the 
overestimated  value  of  the  diffusion  constant  Z>,  which  if 
corrected  can  partially  solve  the  problem.  It  is  apparent 
that  careful  attention  must  be  paid  to  the  data  analysis.  For 
example,  assuming  that  an  acceptable  inaccuracy  of  Ar^uik 
could  be  as  high  as  100%  and  the  inaccuracy  of  Ars^^f  the 
same  as  for  Axg^  (5%),  Fig.  5  predicts  that  the  surface 
lifetime  cannot  be  less  than  Llrg^.  In  other  words,  an  ex¬ 
perimental  value  of  the  bulk  component  can  be  obtained 
with  reasonable  error  only  when  the  value  of  measured 
surface  lifetime  is  more  than  10%  higher  than  the  effective 
lifetime. 


EXPERIMENTAL  RESULTS^. 

An  experimental  test  of  the  proposed  algorithm  and 
estimate  the  actual  values  of  bulk  lifetime  measured  on 


(b) 
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FIG.  4.  Simulated  “noisy”  decays  after  digitization  procedure  with  (a) 
bulk  lifetime  as  a  parameter  and  (b)  selected  corresponding  separation 
function. 


bare  silicon  wafers  was  performed  on  four  «-type,  6-in.- 
diam,  10  H  cm  CZ  silicon  wafers  with  bulk  lifetimes  which 
ranged  from  3  ms  to  1  /xs.  The  wafers  were  initially  oxi¬ 
dized  at  1100  for  4  h  to  reduce  the  surface  recombina¬ 
tion  to  a  negligible  level,  i.e.,  on  the  order  of  0.1  to  1  cm/s. 
Taking  into  account  that  Tsurf=0.5  d/S,  for  these 

recombination  velocities  correspond  to  surface  lifetime  val¬ 
ues  from  350  to  35  ms,  and  since  Tsurf>'?‘eff»  (3)  predicts 
that  the  bulk  lifetime  is  close  to  the  effective  lifetime,  when 
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fig.  5.  Inaccuracy  of  the  bulk  lifetime  determination  as  a  function  of 
ratio  of  surface  lifetime  to  efitective  lifetime  with  inaccuracy  of  surface 
lifetime  as  a  parameter. 


it  is  measured  on  oxidized  wafers.  The  bulk  lifetime  was 
then  changed  by  applying  different  post-oxidation  thermal 
treatments,  which  introduced  a  varying  number  of  bulk 
recombination  centers  related  to  oxygen  and  carbon  point 
defects,  precipitates,  and  dislocation  loops.  Each  sample 
was  measured  five  times,  at  the  center  and  at  the  comers  of 
a  2  cm  square.  Measurements  were  performed  on  each 
sample  four  times:  following  post-oxidation  treatment,  and 
then  i  24,  and  200  h  after  oxide  stripping.  In  this  way,  the 
four  samples,  each  with  four  different  values  of  Tj^rfbut  the 
same  of  Tbuik  were  studied.  Between  measurements  the  wa¬ 
fers  were  stored  in  an  air  ambient.  The  measurements  were 
performed  on  the  Lifetech-88®  system  (SEMITEX  Co., 
Ltd.)"  operating  with  a  laser  wavelength  A=830  nm  (a^ 
=658.9  cm“')  and  pulse  width  150  ns. 

Figure  6  shows  the  influence  of  time  dependent 
changes  in  surface  condition  on  photoconductance  decay 
for  sample  D16.  The  theoretical  decays  shown  as  solid 
lines,  were  simulated  using  Tbuik=^^5  fis  and  the 
=29.5,  32.7,  37.3,  and  35  000  /xs,  and  match  the  expen- 
mental  data  points  quite  well.  It  is  clearly  seen  that  the 
surface  recombination  activity,  most  likely  related  to  sur¬ 
face  contamination  level,  strongly  affects  the  measured  ef¬ 
fective  lifetime.  An  analogous  family  of  experimental  data 
is  presented  in  Fig.  7  for  a  set  of  samples  which  had  bulk 
lifetimes  from  3400  to  0.8  /xs  due  to  different  initial  crystal 
growth  and  thermal  history.  The  experimental  decays  were 
all  measured  200  h  after  oxide  stripping  and  corresponding 
theoretical  decays  plotted  with  solid  lines  are  shown.  Anal¬ 
ysis  of  Fig.  7  illustrates  that  if  surface  recombination  dom¬ 
inates  over  the  bulk,  e.g.,  compare  sample  D16  (Tbuik=  145 
/xs)  with  sample  D14  (Tbuik=3400  /xs),  the  difference  in 
curves  is  very  small,  especially  insofar  as  noise  affects  the 
data.  Simple  calculations  based  on  Eq.  (3)  show  that  the 
corresponding  effective  lifetimes  will  change  from  24.5  to 
29.2  /xs,  respectively.  Thus,  if  an  effective  lifetime  26.9  /is 
were  measured  with^an  accuracy  Area.=  ±8.8%,  samples 
D14  and  D16  would  be  indistinguishable  due  to  measure¬ 
ment  errors.  Therefore,  lowering  of  the  measurement  error 
is  crucial  for  bulk  lifetime  evaluation.  The  full  set  of  ex- 
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FIG  6  Influence  of  different  surface  conditions  on  experimental  carrier 
decay  (points)  for  sample  with  the  same  bulk  lifetime  value,  and  theo- 
retical  curve  fitting  (solid  lines). 

perimental  results  for  the  wafers  tested  is  summarized  in 
Table  I  and  shows  that  it  is  very  diflacult  to  recover  the 
bulk  lifetime  value  when  surface  recombination  process  is 
dominant.  The  averaged  lifetime  ranging  from  0.45  to  10 


FIG.  7.  Influence  of  bulk  lifetime  on  experimental  carrier  decay  (points) 
for  samples  with  similar  surface  conditions,  and  theoreUcal  curve  fitting 
(solid  lines). 
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TABLE  I.  Averaged  value  of  lifetime  components  after  separation  procedure  measured  on  oxidized  wafers  and  30  min,  24  h,  and  200  h  after  oxide 
etching. 


30  min  after  oxide  etching 


Sample 

Oxidized 

“^bulk 

(ms) 

(ms) 

S 

(cm/s) 

“^surf 

(ms) 

“^bulk 

(ms) 

T'eir 

(ms) 

D14 

3300.0 

41.0 

1480 

45.1 

451.0 

34.1 

D16 

153.0 

29.6 

2120 

38.9 

124.0 

26.4 

F16 

31.3 

14.3 

1390 

46.3 

21.0 

13.5 

D18' 

0,92 

0.89 

. .  .• 

. . .« 

0.89 

0.88 

24  h  after  oxide  etching 


1040,0 

127.0 

21.9 

0.88 


200  h  after  oxide  etching 


10000.0 

150.0 

24.6 

0.93 


•Cannot  be  determined. 


ms  instead  of  3.3  ms  was  derived,  comparing  values  mea¬ 
sure  on  oxidized  sample  D14  to  the  ones  obtained  after 
the  separation  procedure  on  etched  samples.  The  separa¬ 
tion  algorithm  works  much  better  for  medium  and  low 
values  of  the  bulk  lifetime,  although  the  lifetime  measured 
on  oxidized  wafers  is  always  slightly  longer  than  that  re¬ 
covered  by  the  algorithm.  This  effect  is  believed  to  result 
from  the  requirement  of  low  electron-hole  pair  generation 
level  not  being  met.  Thus,  when  oxidized  wafers  are  mea¬ 
sured  longer  lifetimes  are  commonly  observed.  For  sample 
D18  with  very  short  effective  lifetime,  the  bulk  of  semicon¬ 
ductor  wafer  dominates  the  recombination  process.  There¬ 
fore,  the  surface  conditions  do  not  affect  the  measured  life¬ 
time,  in  a  similar  way  as  it  was  considered  for  sample  D14 
with  respect  to  the  bulk  action;  however  now  the  surface 
lifetime  cannot  be  satisfactorily  determined. 


experimental  points.  The  algorithm  was  positively  verified 
on  a  set  of  samples  with  the  bulk  lifetime  ranging  from  1  fis 
to  3  ms  at  four  different  surface  conditions.  The  measure¬ 
ment  accuracy  of  bulk  lifetime  recovery  is  limited  by  its 
dependence  on  effective  and  surface  lifetime  terms,  where 
two  reciprocals  of  numbers  which  are  often  very  close  each 
other,  are  subtracted.  This  limitation  is  common  for  all 
algorithms  dealing  with  separation  problem.  Therefore,  the 
measurement  error  significantly  increased  when  the  wafer 
was  characterized  by  extremely  long  bulk  lifetimes  on  the 
order  of  ms  as  expected.  For  the  same  reason,  the  surface 
component  could  not  be  satisfactorily  recovered  when  the 
bulk  lifetime  was  below  a  few  fis  value.  As  far  as  bulk 
lifetime  is  concerned,  the  algorithm  works  best  on  the  wa¬ 
fers  with  bulk  lifetime  values  on  the  order  of  a  few  hundred 
fis  and  below. 


SUMMARY 

The  surface  and  bulk  components  of  recombination 
lifetime  measured  in  a  noncontact  photoconductance  ex¬ 
periment  have  been  separated  by  a  detailed  analysis  of  the 
shape  of  the  experimentally  observed  decay  curve.  Al¬ 
though  the  initial  part  of  the  decay  is  not  exponential,  the 
tail  may  be  comfortably  approximated  by  an  exponent.  The 
initial  part  depends  mostly  on  surface  recombination  pro¬ 
cesses  while  the  latter  part  is  influenced  by  both  surface 
and  bulk  effects.  The  proposed  algorithm  for  lifetime  com¬ 
ponent  separation  is  based  on  measurements  of  the  tail 
decay  slope  and  its  y  intercept.  In  this  work  it  was  shown 
that  the  y  intercept  does  not  depend  on  the  bulk  lifetime 
but  simply  on  the  surface  lifetime.  However,  it  has  to  be 
acknowledged  that  for  surface  component  calculations  the 
diffusion  constant  and  wafer  thickness  have  to  be  known. 
Surface  recombination  velocities  within  the  range  from 
several  hundred  to  several  tens  of  thousand  cm/s  can  be 
measured  with  the  algorithm.  As  the  advantage  of  this 
algorithm,  an  increased  accuracy  of  surface  lifetime  recov¬ 
ery  can  be  pointed  out  since  both  the  y  intercept  and  decay 
slope  are  averaged  by  linear  fitting  routine  in  hundreds  of 
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Effect  of  Ultraviolet  Irradiation  on  Surface  Recombination 

Velocity  in  Silicon  Wafers 
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North  Carolina  State  University 
Raleigh,  NC  27695-7916 

Recombination  lifetime  measurements  are  commonly  applied  for  electrical  characterization 
of  semiconductor  materials  and  evaluation  of  crystal  quality.^  With  the  availability  of  wafers  with 
very  low  defect  densities  and  high  lifetime  carrier  recombination  processes  now  appear  to  be 
controlled  by  the  surface  recombination  velocity  (S).  However,  since  the  bulk  lifetime  value  is 
desired  for  evaluation  of  material  properties,  the  surface  recombination  can  be  an  unwanted, 
perturbating  measurement  effect.  Thus,  in  order  to  obtain  the  bulk  lifetime,  a  separation  of  the 
surface  and  bulk  components  is  obligatory;  or,  if  possible,  those  practical  solutions  for  which  the 
surface  component  is  negligible  must  be  verified.  For  example,  it  is  possible  to  reduce  the  surface 
recombination  velocity  either  by  oxidation,^  or  by  chemical  immersion  during  measurement.^ 
Recently,  it  has  also  been  noticed  that  the  surface  activity  can  be  decreased  in  wafers  covered  with 
a  native  oxide  if  they  are  illuminated  with  ultraviolet  (UV)  light.'^  However,  in  this  case  the  low 
surface  recombination  is  not  constant  and  recovers  to  its  initial  value  after  several  tens  of  minutes. 
The  physical  mechanism  of  temporary  surface  deactivation  is  not  yet  fuUy  understood;  it  has  been 
postulated^  that  during  UV  irradiation  substrate  electrons  are  excited  over  the  native  oxide/  silicon 
barrier,  are  captured  by  oxygen  atoms  at  the  air/  native  oxide  interface,  and  then  discharge  back 
with  cooperation  of  (=Si-OH)  molecules.  In  any  case,  the  S  decrease  will  be  related  to  charge 
captured  by  slow  states  present  within  the  native  oxide.^  The  objective  of  this  work  is  to  offer 
theoretical  support  for  the  slow  state  capture  explanation. 
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Figure  1  presents  a  schematic  bandgap  diagram  of  the  Si02/Si  near-surface  region  and 
introduces  the  physical  variables  to  be  used  in  subsequent  calculations.  Based  on  the  analysis  of 
A.  Many  et  al.7  and  F.  Berz,^  for  a  low  injection  approximation  the  surface  recombination 
velocity  as  given  by  Eqn.  5.83  in  Ref.  7  is: 

-  _ vk;k;  n,  (nt+pt) _ _ 

g.__  > 

2ni[cosh(-^Y^  -  uo)  +  cosh(Vs-t-Ub-uo  )] 

=  ^  .  v,  =  ^,uo  =  ln(Kp/K„) 

where  q  is  the  electronic  charge,  k  -  the  Boltzman  constant,  T  -  the  absolute  temperature,  nj  -  the 
intrinsic  concentration  of  electrons,  n^,  p^  -  the  bulk  concentration  of  electrons  and  holes, 
respectively,  and  Kn  ,  Kp  -  the  electron  and  hole  capture  probabilities,  Nt  -  the  surface 
concentration  of  fast  states,  Ep  -  the  Fermi  energy,  E^  -  the  energy  of  trap,  u^  -  the  normalized  bulk 
potential,  Vg  -  surface  potential.  Therefore,  the  surface  recombination  velocity  is  not  solely 
dependent  on  trap  properties  as  expressed  by  trap  energy,  concentration,  and  capture  cross  section, 
but  is  also  modified  by  the  surface  potential  Vg.  In  fact,  the  influence  of  surface  potential  is  cmcial, 
and  a  small  change  in  Vg  can  vary  the  surface  recombination  by  several  orders  of  magnitude.  This 
is  illustrated  in  the  family  of  curves  in  Fig.  2  which  presents  the  dependence  of  surface 
recombination  velocity  on  surface  potential  for  p-  and  n-type  substrates,  with  the  trap  energy  as  a 
parameter. 

Returning  to  Ref.4  data,  if  UV  irradiation  changes  the  equilibrium  charge  state  at  the 
surface  region  which  has  a  great  impact  on  the  surface  recombination  velocity,  it  will  explain  the 
experimentally  observed  phenomenon  of  lifetime  variation  within  silicon  wafers  after  UV 
exposure.  In  order  to  calculate  the  steady-state  value  of  surface  potential,  it  is  assumed  that  the  total 
charge  Q  present  at  the  semiconductor  surface  consists  of  three  components;  Qgiow  negative 
charge  of  electrons  captured  within  slow  states  during  UV  irradiation,  Qfagt  the  negative  or 


(la) 


(lb) 
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positive  charge  of  fast  states  at  the  native  oxide/  silicon  interface,  and  Qscr  Ae  compensating  charge 
of  the  space-charge  region.  Under  steady-state  conditions  the  total  charge  is  equal  to  zero.  Thus: 

Q  (  V,  )  =  Qslow  +  Qfast  ( Vs )  +  Qs„  ( V, )  =  0  (2) 


The  surface  potential  Vg,  modified  by  Qsiow»  Qfast  Qscr  charges,  can  be  found  as  a  root  of  this 
equation. 

The  Qfast  charge  depends  on  concentration  of  fast  states  at  the  interface,  their  donor  or 
acceptor  nature,  and  occupancy  status.  For  donor-type  states  the  charge  is  positive  when  states  are 
empty  and  neutral  when  occupied,  while  acceptors  are  neutral  when  empty  and  negative  when 
filled  with  electrons.  Therefore: 


and 


Qfast  =  q  Nj  ( 1  -  ft )  (for  donor  states) 

(3a) 

Qfast  =  ■  <1  ^t  ^t  (f®’^  acceptor  states)  . 

(3b) 

^  .  Et-Ep-qV,,-! 

ft  =(1-1- exp  ) 

(4) 

where  f^  is  the  probability  of  state  occupancy  by  an  electron.  In  the  following  calculation  it  is 
assumed  that  the  fast  states  are  donor-like  when  located  below  and  acceptor-like  when  above  the 
midgap.2  The  charge  Qsiow  is  arbitrarily  postulated  to  be  given  by: 

Qslow  ~  ”  Q^slow®^P  (  ■  ^  ) 

'•r 

and  is  based  on  the  experimentally  observed  change  of  surface  recombination  velocity  with  time, 
where  tj.  is  a  relaxation  constant.  The  charge  Qscr  compensates  the  charges  Qfast  Qslow>  maintains 
the  neutrality  requirement  as  given  by  Eqn.  2,  and  is  equal  to:^ 

Q.„=-SGN(V,)  e  (6a) 
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where 


is  the  bulk  Debye  length, 


Lb  - 


ekT 


q  (Hb+Pb) 


(6b) 


(6c) 


the  space  charge  function,  £  the  dielectric  constant  of  silicon,  and  SGN(V5)  the  sign  function. 
Finally,  the  effective  recombination  lifetime  as  measured,  for  example,  with  a  transient 
photoconductance  technique,  can  be  expressed  in  terms  of  its  bulk  and  surface  components  as. 


=  +-1— 

"^eff  “^bulk  ''■surf 

(7) 

where 

1  2 
^  -a  D 

"^surf 

(8) 

with  oc  being  the  first  root  of 

tan(ad/2)=  — 
a  D 

(9) 

d  =  the  wafer  thickness,  and  D  =  the  carrier  diffusion  constant.^ 

Under  equilibrium  conditions,  i.  e.  Qgiow  ”  (*’  Qscr  Qfast’  surface  recombination 
velocity  depends  on  Nj,  the  surface  concentration  of  traps  in  a  highly  nonlinear  fashion  due  to  the 
previously  mentioned  dependence  on  surface  potential.  An  example  of  the  relationship  between  x^ff 
and  S  versus  the  surface  concentration  of  acceptor  traps  located  at  £(=  0  is  presented  in  Fig.  3  for 
n-type  material.  Note  that  for  the  p-type  case  presented  in  Fig.  3,  the  surface  potential  is  practically 
not  effected  by  presence  of  traps,  while  S  is  proportional  to  Nj.  This  occurs  because  the  traps 
considered  are  located  above  the  Fermi  level,  and  remain  empty  and  neutral.  After  UV  irradiation, 
an  additional  charge  Qsiow.  which  is  time  dependent,  and  compensated  by  Qscr  +  Qfast  must  be 

j 

taken  into  account.  Therefore,  we  have  plotted  all  these  charge  components,  as  derived  from  Eqns. 
3,  5,  and  6,  in  Fig.  4  as  a  function  of  time.  Note  that  the  surface  recombination  velocity  is  also  a 
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function  of  time  because  of  time  dependence  of  surface  potential  as  given  by  Eqns.  5  and  2.  The 
final  result  of  this  analysis  is  presented  in  Figs.  5a  and  b  which  plots  the  Tgff  versus  time  for  p-  and 
n-type  substrates,  respectively.  This  dependence  is  in  good  agreement  with  experimental  results,  as 
presented  in  Ref.  6  and  marked  with  points  in  Fig.  5a. 

In  summary,  a  theoretical  model  for  the  influence  of  UV  irradiation  on  surface 
recombination  velocity  is  proposed  for  experimentally  observed  variations  of  effective  lifetime  and 
surface  recombination  velocity  with  the  time.  The  surface  recombination  decrease  is  attributed  to 
the  charging  and  discharging  process  of  slow  states  present  within  the  native  oxide  which  covers 
the  silicon  wafers. 

The  authors  would  like  to  acknowledge  L.  Zhong  and  K.  Katayama  for  discussion  and 
making  their  experimental  data  available  to  us. 


A.  Buczkowski  et  al.,  Ejfect  of  Ultraviolet  Irradiation... 


-7- 


REFERENCES 

1  J.  W.  Orton  and  P.  Blood,  Electrical  Characterization  of  Semiconductors:  Measurements  of 
Minority  Carrier  Properties,  Academic  Press,  San  Diego  1990,  pg.  19. 

'^Ionizing  Radiation  Effects  In  MOS  Devices  and  Circuits,  eds.  T.  P.  Ma  and  P.  V.  Dressendorfer, 
John  Wiley  &  Sons,  New  York,  pg.l44,  pg.  194  (  1989). 

3  K.  L.  Luke  and  L.  J.  Cheng,  J.Electrochem.  Soc.,  135,  957  (1988). 

4  K.  Katayama,  Y.  Kirino,  K.  Iba,  and  F.  Shimura,  Jpn.  J.  Appl.  Phys.,  30  B,  L1907  (1992) 

5  K.  Katayama  and  F.  Shimura,  in  preparation 

6  L.  Zhong,  A.  Buczkowski,  K.  Katayama,  and  F.  Shimura,  in  preparation 

7  A.  Many,  Y.  Goldstein,  and  N.  B.  Grover,  Semiconductor  Surfaces,  North-Holland  Publishing 
Company,  Amsterdam,  128,  (  1965). 

^  F.  Berz,  in  Surface  Physics  of  Phosphors  and  Semiconductors,  eds.  C.  G.  Scott  and  C.  E. 
Reed,  Academic  Press,  London,  143,  (  1975). 

9  A.  Buczkowski,  Z.  Radzimski,  G,  Rozgonyi,  and  F.  Shimura,  J.  Appl.  Phys.,  69,  6495  (1991) 


A.  Buczkowski  et  al..  Effect  of  Ultraviolet  Irradiation... 


-8- 


FIGURE  CAPTIONS 

Fig.  1.  Bandgap  model  of  the  near  surface  region 

Fig.  2.  Dependence  of  surface  recombination  velocity  on  surface  potential  for  p-  and  n-type 
silicon,  with  trap  energy  as  a  parameter 

Fig.  3.  Effective  lifetime,  t^ff  and  surface  recombination  velocity,  S,  versus  surface  concentration 
of  acceptor  traps,  with  trap  energy  Ej=  0,  doping  concentration  Nj  =  10^5  cm-3,  capture 
cross  section  Cp  =  Cj,=  10'*^  cm^,  and  bulk  lifetime  =  200  |is. 

Fig.  4.  Normalized  charge  components  as  a  function  of  time,  with  doping  concentration  N^j  =  lO^^ 
cm-3,  trap  concentration  Nt=  5*1011  cm-3,  slow  state  concentration  Ngjo^  =  l*10l2  cm-3, 
and  relaxation  constant  Xj.  =  20  secs. 

Fig.  5.  Effective  lifetime  as  a  function  of  time,  (a)  p-type,  and  (b)  n-type  silicon,  with  relaxation 
time  as  a  parameter  and  N^  =  1015  cm'3,  trap  concentration  N^  =  2.4*1012  cm*3,  slow  state 
concentration  Ngig^  =  2.2*1011  cm'3,  and  bulk  lifetime  x^uik  =  ^00  M-s 
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